4248 Inorg. Chem.1996, 35, 4248-4253

Individual Reduction Potentials of the Iron lons in Fe,S, and High-Potential Fe,S,
Ferredoxins

Lucia Banci,’ Ivano Bertini,* - Giovanni Gori Savellini,™ and Claudio Luchinat*

Department of Chemistry, University of Florence, Florence, Italy, and Institute of Agricultural
Chemistry, University of Bologna, Bologna, Italy

Receied January 17, 1996

The DelPhi program package has been used to confirm that the span in reduction potentials among high-potential
Fe,Sy ferredoxins must be mainly ascribed to the net protein charges arising from acidic and basic residues.
Subsequently, the order of the individual reduction potentials of the iron ions,# fegredoxins as found from

NMR spectroscopy was explained mainly on the basis of different solvation contributions to the electrostatic
potential. The individual reduction potentials of the iron ions in high-potentizgbferredoxins, again available

from NMR spectroscopy, are only qualitatively reproduced. It is proposed that the protein triggers a distortion
in the cluster which would be a further contribution to the electrochemical inequivalence of the individual iron
ions.

potential exists within the seriés. On the other hand, local
charge effects are observed in tetraheme cytochromes, where
the interactions between the reaction centers and specific ionized
sites were shown to be the main factor influencing the individual
midpoint potential of each of the four henm@s.

A major problem in the analysis of the electrostatic interac-
tions is the discontinuity between the water medium and the
protein mediunt3-16 The partial charges of the water and
protein atoms are rather reliable and are able to account for

; Co90 X
HiPIP from high-potential irorrsulfur protein) and low-potential gagyor\zggogsggg I%E&%ﬁgfﬁ"f tggeii(tee$2::g:r§e€;rg]i/b?e“r?r\:efc:)r

zg;‘rjg;('?: d(()(;r psrlcr)rc]:zlgséesrrzggﬁlgséhitvghlc;:i?felrjgr?te:gggi gtgféselectrostatic interactions. However, solvation contributions can
) . y . X only be treated properly, in microscopic models, with full free
HiPIPs involve a [FgS4]32" redox pair, whereas ferredoxins y broperly b

. . ) energy calculations. The latter calculations are extremely
involve a [FaS42"1* pair. The redox potentials of these . L

} - . o . manding and represen rawback when th ription of
proteins may differ by as much as 1'VThis striking difference demanding and represent a drawbac en the description o

has b | | lained on the basis of the diff  dinol reduction potentials of redox proteins is attempted. Furthermore,
as beer largely explained on the basis of the ditferent dipolar o charges of open-shell metal ions and their donor atoms are
electric fields produced by the peptide bonds around the

polymetallic cente?. On the other hand, the redox potential more difficult to evaluate than those of protein atdts.
range from 90 to 450 mV observed in HiPfPkas been Recently, density functional approaches seem to have permitted

explained mainly on the basis of the different electrostatic effects reasonable esfimates of charges in irsalfur clusters?
due to net charges of ionized residd&sThis contrasts with Warshel et al. decompose the protein part into dipoles, and

what has been observed for a series of cytochromes, where nothe water molecules are approximated by Langevin dipfles.

relation between the overall net charge and the reduction

Introduction

Understanding the factors determining the reduction potentials
of proteins involved in electron-transfer processes has long
interested biophysical scientists. Essentially, the electrostatic
contributions to the reduction potentials can be classified as
arising from (@) the fractional charges of the protein atoms, (b)
the protein charges induced by polarization mechanisms, (c)
the net charges of ionizable residues, and (d) solvation effects.

The FaS, center in high-potential ferredoxins (abbreviated
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The protein and its shell of Langevin dipoles are immersed in given3®% A radius was assigned to all the protein atoms from the
a continuum medium representing bulk water. Purely con- DelPhi database. The effect of varying dielectric constants (from 1 to
tinuum models are also availabf2325 A program called 15)_ for th(_e prote_in interior was analyzed (see Results and Discussion),
DelPhi, proposed by Honig et &f js based on the solution of while a dielectric constant of 80 was used for the solvent. A probe

; ; ; : radius of 1.4 A, which defines the water-accessible surface, was chosen.
the classical PoisserBoltzmann equation to describe any The partial charges of the protein atoms were taken from the AMBER

charge d_istribution if‘ the System. Water and _protein C_onstitgte “united-atom” databas¥. Density functional ESP point charges (DFT-
two continuum media characterized by two different dielectric gpy2 yere used for the [R6,]2+" cluster of FgS, ferredoxin and

constants. for the [FaS4]2*/3* cluster in HiPIPs. The AMBER partial charges of

Some of our group had used the AMBER program package cysteine ligands were modified by assigning DFT-ESP chatdes
to equilibrate the protein and water molecules and computedthe S and @ atoms and by redistributing the difference between the
the electrostatic potentials of the polymetallic centers by using DFT-ESP charges and AMBER charges over tifeaid Gx cysteine
the partial charges and induced charges, in a medium with 2oms in such a way as to preserve the total charge of the residue.
average dielectric constah. In this paper, we use the DelPhi 1 hen the protein structures were mapped onto a@b x 65 point.
progran®® to analyze the factors determining the reduction gnq gnd t_he PoisserBoltzmann equation was iteratively so_lved using

- X . . . . a finite difference methoéf*® To ensure that the calculations were

potentials in _a Series Of_ high-potential ferredoxins to test the not sensitive to grid dimensions, a series of three focusing calculations
agreement with our previous treatment. The two treatments CaNyere performed® The final grid spacing was 1.5 grids/A. The
be considered at the extremes of the range of possible theoreticag|ectrostatic free energy of reductioh@eJ) is the sum of the following
approaches. The results for this series of proteins turn out toterms: (1) pairwise interactions of the iron cluster charges with the
be essentially model-independent. Furthermore, we address hererotein charges, screened by the polarizability of the protein and the
the problem of rationalizing the different reduction potentials solvent AGe + AGqip);* (2) the reaction field energy (solvation
of the individual iron ions both in the E8&, center of HiPIPs energy) due to the polarization of electrons and dipoles in the solvent
and in a FgS, center of a ferredoxin. The relative individual ~and protein induced by the reduction of the,%#esS, cluster

redox potentials are estimated from NMR measurenférigs,  (AAGsaw).* The contribution of the protein charges has been further
as will be discussed. Besides some weaknesses in the quantitaff’“:tOIrlzeOI into the two terms previously mentioneAGc is the

fi it tisfact ict tarts t contribution due to the net charges of the protein, &, is the
Ive results, a satistactory picture starts to emerge. contribution due to the protein dipoles produced by all the partial

. charges on all protein atoms but those of the charged residv&s;,
Materials and Methods was evaluated by assigning the AMBER charges to the charged residues
(Asp, Glu, Arg, and Lys) and null charges to the rest of the protein.
The contribution taAAGgj, due to the H-bonds and dipoles derived from
CONH peptide groupsAXGconn) Was evaluated as the difference
between a calculation oAGgj, as described above and the same
calculation performed not including the charges on the CONH atoms.
The latter calculation was performed by assigning each of the four atoms
one-fourth of the total charge of the CONH group, which amounts to
—0.062. This ensures that the overall charge of the protein is not
altered.

The X-ray structure coordinates of the algab$eferredoxin from
Spirulina platensigPDB file ID: 4fxc)°and of the F&5& HiPIPs from
Ectothiorhodospira halophila(iso-1) (2hip)3* Rhodocyclus tenue
(lisu) 3 Chromatiumwinosuni® (1hip), andEctothiorhodospiravacu-
olata (iso-1l) (1hpiy** were used as starting data. In the case of HiPIPs
from E. halophila (iso-Il), E. vacuolata (iso-l), and Rhodocyclus
gelatinosus for which X-ray structures are not available, previously
obtained average molecular dynamics (MD) structdseere used. Both
sets of structures were solvated with a 16 A thick shell of water
molecules. The water molecules were equilibrated by MD keeping Reagyits and Discussion
the protein atoms fixed, and finally the whole systems (waterotein)
were energy-minimize&P. After this procedure, the structures derived 1. Macroscopic Reduction Potentials. The reduction
from the X-ray coordinates have an rms deviation oF-@3 A with potentials as calculated with the DelPhi program for the seven
respect to the starting crystallographic structures. The structures derivedrFe,S, HiPIPs are shown in Figure 1 for a water dielectric
from MD models had been previously checked for folding homology  constant of 80 and a protein dielectric constant between 4 and
with those for which X-ray structures were availaleln particular, 15, respectively. It should be noted that the calculated order
the whole H-bonding network around the cluster is always stricly ¢ yno reqyction potentials reasonably follows the experimental
maintained. The electrostatic potential calculations were performed . . . o
with the DelPhi program package which solves the Pois&witzmann one (with One eXC,ept'O"): An overgll Sfitlsfa(?tory quantitative
equation when a distribution of charges and dielectric constants is @dreement is obtained with a protein dielectric constant of 15.
However, this value is considered unrealistically lafgk.15.18
The value of the protein dielectric constant has been measured
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700 Gel Materials and Methods. The results are shown in Figure 2 and
are in substantial agreement with the previous analysis based
on a pure Coulombic modé!. The effect of dipoles and
solvation is constant along the series whereas the effect of the
Ten net charges is significant. This has been experimentally verified
by following the pH dependence of the reduction potential due
to the deprotonation of histidines in HiPfPand by replacing
Val 68 with Glu or Lys residues in HiPIP | fro. halophila?®
Calculations have been also performed on the last two mutants
to check the validity of the model through the effect of the
Ten Vacl variation of a single charge. The results are in very good
-_— agreement with the experiments (see Figure 1): the reduction
potential of the V68E mutant is calculated to decrease by 20
400 30 mV with respect to the wild type, depending on thealue
C.Vin Ten C.Vin (AEexp = —25 mV), and that of the V68K mutant to increase
— Vacll by 20—30 mV (AEexp, = +20 mV). We consider our previous
C.Vin Vacl AMBER calculations and the present calculations using DelPhi
to represent two extreme approaches to the evaluation of
reduction potentials in proteins. The first is totally microscopic,
while the latter treats the system as a continuum. As the results
Vool V66K (Hall) _Hall obtained with the two methods for the present series of proteins
200 V66K (Hal I Hal I are very similar, we believe that they can be considered
vacll T V66E (Hal substantially model-independent and that other methods using
V66K (Hall)  Hal I V66E (Hal ) a combination of microscopic and continuum treatments would
Hall_ yg6E (Hal I) also yield similar results.
VSGE (Hal D 2. Individual Reduction Potentials. With confidence taken
Hal IT Hal II Halll Hal IT from the above results that the DelPhi program can be helpful
in predicting the macroscopic redox behavior ofH:proteins,
we tried to account for the reduction potentials of the individual
iron ions in the same cluster. The latter should depend on the
experiment  £=15 =8 e=4 same factors analyzed above, although more fine effects are
considered in this case.
calculation The FeS; Case. The reduced [F£5;]* ferredoxin contains
Figure 1. Experimentdl (left column) and calculated reduction g ferric iron antiferromagnetically coupled to a ferrous ifén.
potentials of HIPIPs fronke. halophila(iso | and Il), E. vacuolataiso Méssbauer spectra clearly distinguish the two irons in different
. e stor v Vet o cxigaion sateS? The H-NMR specta at room temperature
provide a set of signals assigned@6H, protons of cysteines
bound to F&" and another set of signals assigneds©H,
protons of cysteines bound to #&1 The sequence-specific
assignment of the cysteine protons has shown that the iron(lIl)
is that bound to Cys 41 and Cys 46 gPeereafterf? this is the
iron ion that undergoes reduction when one electron is added
to the oxidized [Fg5;]2" protein containing two iron(lll) ions.
Fer is the iron closer to the surface of the prot&inAn
analogous result was obtained on anothesSkeontaining
r#c)rotein~f33v5“' From the room-temperature NMR dataAaAE
value larger than 30 mV could be estimatéd.
It was soon notetthat different numbers of H-bonds are
present in the domains of the two iron ions. Indeed, in the

600

500 Gel

Gel

AE (mV)

300

Vacl Vacll  vg6K (Hal I)

Vacl

100

used!216:43-47 gand found to be necessary to reproduce experi-
mental datd%47 Also, from MD calculations, the estimate of
the dielectric constant has led to relatively high valtfeShis
point is the subject of a large debate in the literafdr;18.46
the high values estimated for the dielectric constant have been
proposed to be due to the large fluctuations of the protein dipole
moment as a consequence, essentially, of the mobility of side-
chain atoms (especially of ionized side-chain atothé). It has
been also suggested that the use of high values for the protei
dielectric constant could take into account the omission of the
effects produced by local conformational changes and specific
ion binding#é Finally, it is possible that an incorrect distribution ; . )
of charges on the iron ions and their ligands causes an error inénvironment of the more reducible Fén, f°‘.” H-bond_s are
the evaluation of the electrostatic interactions in the vicinity of present (NH of Ala 45 and NH of Ala 43 interact with the
the polymetallic center. However, sample calculations with ¢oordinated sulfur atom of Cys 41; NH of Thr 48 and OH of
grossly altered charge distributions in the cluster (not shown) — : . . . .
indicate that the latter source of error is relatively minor. (48) ge_rg?&ilgliB'(\)Ars?% IMC'; ﬁ}os'r'e';"s'; Eltis, L. D.; Felli, I. C.; Luchinat,
Besides the quantitative agreement, the factors determining(49) bunham, W. R.; Palmer, %,; Sands, R. H.: Bearden, Aidchim.
the relative reduction potentials have been evaluated by comput-  Biophys. Actal971, 253 373-384.

; ; it ; (50) Dunham, W. R.; Bearden, A. J.; Salmeen, |.; Palmer, G.; Sands, R.
ing the effect of the single contributions as described under H.: Orme-Johnson, W. H.: Beinert, Biochim. Biophys. ACta971

253 134-152.
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Figure 2. Plot of the calculated reduction potentiats{ein = 8) (O) and of the contributions to the electrostatic energy from net chaf@gs (
dipoles @), and solvation {) with respect to the experimental reduction potentials.

Table 1. Calculated Reduction Potentials and Variations in Free calculations). This analysis shows that all factors combine to

Energy between the Reduced and the Oxidized Form for the stabilize the extra electron charge onaFeThe calculations
[FexS)*"" Moiety in S. platensis show that solvation effects are the most important in stabilizing
Fex Fes JAVY: the reducible site, whereas fractional and net charges play a
AAGon 75.5 82.8 -73 minor role. The variation of solvation energy of the cluster
AGgP 21.6 225 -0.9 upon reductionAag, differs by as much as-7.3 kJ mot?,
AGap —25.6 —24.4 -1.2 depending on whether the extra electron is placed qgndfe
AGed 71.6 80.9 -9.3 Fes (Table 1). Among fractional charges, the stabilization of

the reduced Recenter (contributing another1.2 kJ mot?,
Table 1) is essentially due to the positive end of the CONH
3 The values are Calct"ated (Withoen = 4) in the case of reduction  dipoles pointing toward Fe(this effect includes H-bonds from
of Fex or Fe (see text).” k] mol™. “mV. peptide NH to iron donors). Net charges of acidic and basic
Ser 40 interact with the coordinated sulfur atom of Cys 46), residues contribute a further0.9 kJ mof?! (Table 1). In
while the environment of the other iron ion @)ds involved summary, we have shown that the same treatment capable of
in only one H-bond (NH of Gly 44 interacts with the coordinated explaining the wide range of macroscopic reduction potentials
sulfur atom of Cys 79§. It is known that H-bonds provide  within the series of HiPIPs is also able to account for the large
positive fractional charges that can stabilize the extra negative experimental difference between the individual reduction po-
charge added to the metal ion upon reduction. In Table 1 the tentials in FeS, ferredoxins.
results of the electrostatic potential calculations oaSEFe. The FeS; Case. As a further challenge, the individual
platensisferredoxin performed with the DelPhi program are requction potential within the [R64]3* center in HiPIPs was
summarized. The calculations were performed by placing the cgjculated. Such a center contains onéemixed-valence
extra electron alternatively more on thesF@ on the Fg site. pair and two Fe(lll) iong25Swhile the [FaSy]2* cluster contains
According to the DFT-ESP chargé&the reduced iron site was oy equivalent F&5+ ions5556 Electron delocalization over
assigned an excess charge-@f.235 with respect to the oxidized o of the four iron centers, as opposed to either fully localized
iron site. These calculations reproduce correctly the experi- or fylly delocalized situations, is invariably observed experi-
mental data because they clearly identifysF&s the more  menga|9 and is theoretically predicted to be the most stable
reducible one. Indeed, the calculated redox potential dlfferencefrom the electronic point of view In the oxidized form of
is AAE = 97.1 mV (at pH= 7.0 andT = 298 K) for a dielectric  {hege proteins, the mixed-valence pair could be located on each
constant of 4 and is myersely proportional to this parameter. of the six edges of the B8 cube. It has been suggested that
SuchAAE values (ranging from 24 to 400 mV, depending on e hrotein component determines the valence distribd®éh.
the dielectric constant) indicate that the valences are sut_)stantlallyln HiPIP Il from E. halophila the mixed-valence pair is the
localized. Even for \AE value of 24 mV corresponding 0 oqe hound to Cys 42 and Cys 55, and only this distribution is

the high dielectric constant of 15,. more than 70% localization present® Other HiPIPs have a more complicated behavior with
of the extra electron on kes obtained.

We then analyzed the various factors contributing\8e,

AE® —400 —497.1 97.1

(55) Middleton, P.; Dickson, D. P. E.; Johnson, C. E.; Rush, EW. J.

and therefore tdAAE. They originate from the solvation energy Biochem.1980 104, 289-296.
(AGson) and from the electrostatic interactions of the cluster (se) Moss, T. H.; Bearden, A. J.; Bartsch, R. G.; Cusanovich, M. A.
with the net charges of the proteinGcr) and with the protein Biochemistryl968 7, 1591-1596.

; ) ; iRt (57) Bominaar, E. L.; Borshch, S. A.; Girerd, J3JJAm. Chem. S04994
dipoles AGgip). The latter term includes the contribution from 116 5362537,

the CONH dipoles AGcon+), Which were also evaluated  (sg) Banci, L.; Bertini, I.; Luchinat, CStruct. Bondingl99Q 72, 113-
independently (see Materials and Methods for details of 135.
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Figure 3. Scheme of the equilibrium between two valence distributions in th&,Fduster of the HiPIP fronC. vinosum

Table 2. Variations in Free Energy upon Reduction of the
[FesSs)3*2* Clusters in HiPIP Il fromE. halophilaand in HiPIP
from C. vinosumfor Different Locations of the Mixed-Valence Pair
in the Oxidized Form (Calculated wittprorein = 1)

this case, the calculations show that the mixed-valence pairs
Fe3-Fe4 and Fe2Fe3 display the minimum energy, although
the energy separations are small with respeckTo The
qualitative agreement for the calculated individual reduction

E. halophila C.vinosum potentials in both of these high-potential ferredoxins with the
mixed-valence pair ~ AE2 mixed-valence pair ~ AE@ experimental results may be interpreted as a further indication
Fe2Fed 0.0 Fe3 Fes 0.0 that this type of calculation may be adequate to simulate
Fe3-Fe4 —7.0 Fe2-Fe3 0.0 microscopic effects. The differencesAE among the various
Fe3-Fel -7.0 Fe2-Fe4 -2.0 electronic distributions in HiPIPs are, however, much smaller
Eezz:"ze‘l‘ —3-8 Eell::zeg —2-8 than that in FgS, systems (cfAE values in Tables 1 and 2,
e2-Fe —-12. et-Fe -8. ; ; ; i
Fol-Fea 140 Fol-Fed _80 taking also into account that those in Table 2 are amplified by

€ = 1). It may be that a further contribution to the experimental

2 These values are referred to the more stable pair. Values are in AE values in FgS; systems arises from the inequivalence of
_mV. ?Experi_mentally identifi(_ed mixed-v_alence pa?rExperimen_taI{y the cubane itself. Even in the most symmetrigSzecenter,
identified mixed-valence pairs, approximately 60%:40% raticCin  {he nair with mixed valence must have intermetal distances
vinosum different from those in the ferric pair. In other words, if we
add an electron to a hypothetical5¢"" center containing four
iron(lll) ions, the electron delocalizes over two iron ions, giving
rise to a mixed-valence pair. This changes the geometry of the
center, presumably by increasing the irgron distance within
the mixed-valence pair. In this view, the protein component
might just trigger, through electrostatic interactions, a change
in the structure that is then amplified by electronic effects. Of
course, it is also possible that the steric constraints imposed by
the protein induce a static distortion in the polymetallic center
even if this is not observed experimentally in the X-ray
structures. In both cases, quantomechanical contributions to
the electrochemical properties would be operative which cannot
be accounted for by an electrostatic model. In any event, this
' research has permitted a further step forward in the rationaliza-
tion of fine electrostatic effects in proteins.

respect to the valence distributi&h®! This behavior has been
investigated in detail by NMR techniqués.

We calculated the energies (and corresponding reduction
potentials) for all six localizations of the mixed-valence pair in
the HiPIP II from E. halophilg again for various protein
dielectric constants. The differences areZlorders of mag-
nitude smaller than in the case of;Bgsystem. Although this
may be partly due to the inadequacy of the treatment, we feel
that it may also reflect a substantially more symmetric electro-
static environment around the polymetallic center in HiPIPs as
opposed to F£5, ferredoxins. The calculated values for a
protein dielectric constant of 1 (to enhance the differences) are
shown in Table 2. Even for this choice of dielectric constant
all different electronic distributions are withkil. It appears,
however, that the calculated individual reduction potentials do
provide the correct answer: the mixed-valence pair is preferably Concluding Remarks
lying on the edge of the B8, cube which contains the Fe2
and Fe3 ions, as experimentally foutid.

In the case of the high-potential ferredoxin fr@nzinosum
it has been proposed that there are two isomers differing for
the valence distribution as shown in Figuré'3The experi-
mental distribution is 60% Fe3e4 over 40% Fe2Fe3%?
Since the reduced form contains four iron ions in the oxidation
state 2.5-, we know that Fe3 bound to Cys 63 is the most
reducible iron and Fel bound to Cys 77 is the least reducible
iron, Fe2 and Fe4 having intermediate reduction potentials. In

The present calculations have confirmed that the net charges
of acidic and basic groups account for the large variation in
reduction potential within the series of high-potential ferredox-
ins. This result is essentially model-independent and is in
contrast with any previous comparative analysis of the reduction
potentials, particularly of cytochromés. We found that this
electrostatic contribution becomes significant in a series of small
proteins with relatively large structural homology.

We then showed that the individual reduction potentials of
the two iron ions in F£5, proteins are correctly predicted and
that solvation effects are those which mainly determine this
feature of the reactivity of these proteins. In the case aSFe
containing high-potential ferredoxins, the individual reduction
potentials are only qualitatively reproduced. It is possible that
the protein component induces geometric distortions that
contribute to the differentiation among the individual irons and
that cannot be taken into account with this kind of calculation.
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In any case, the results suggest that the charge distribution withinproperties within the series of high-potential ferredoxins, a larger

the polymetallic center in this class of proteins may be important effective value is needed. In the case of the individual

in determining the electrostatical properties of the individual potentials, it is possible that the short-range electrostatic effects

irons. It is interesting to note that the atomic charges proposedbetween the iron ions, and the partial charges around each,

by Case for F£5; and FeS; clusterd? can be successfully used  require a value closer to 1. For fSg proteins, the results of

to the present degree of refinement. the calculations are consistent with the experimental results and
A final comment is due the value of the dielectric constant. are independent of the choice of dielectric constant in th&5L

If the electronic charges and polarizabilities were precisely range.

known and the solvent effects treated properly, one would expect

a dielectric constant of-24 to be appropriate. To describe the 1C960051Q



