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I Introduction

lron—sulfur ([Fe-S]) proteins’~2 contain iron—
sulfur ([Fe-S]) clusters in which iron atoms are wholly
or predominantly coordinated by sulfur atoms. The
sulfur atoms are of two types: cysteine S, and
monatomic, “inorganic” S.

The simplest [Fe-S] clusters are those in which Fe
is the only metal present and all Fe atoms are wholly
ligated by S. Examples are the 1Fe, 2Fe, 3Fe, and
4Fe clusters whose stoichiometries are:

1Fe FeCys, 2Fe
3Fe Fegszcysg 4Fe

Fe,SiCys,
Fe,SiCys,

where S* denotes inorganic sulfur. The 3D struc-
tures of these clusters are shown in Figure 1. Fe is
four coordinate, each cysteine S, ligates one Fe and
inorganic S bridges multiple Fe atoms. Clusters are
also known in which other metals, in addition to Fe,
and/or other ligands, in addition to cysteine, are
present.

[Fe-S] clusters exhibit reversible oxidation—reduc-
tion between different oxidation levels. Oxidation
levels can be defined by the total cluster charge and
by the formal oxidation levels of the Fe atoms
obtained assuming cysteine and inorganic sulfur to
have charges of —1 and —2, respectively. In the
simple 1Fe, 2Fe, 3Fe, and 4Fe clusters, the following
redox couples are well known:
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cluster formal Fe
charges oxidation levels
FeCys, 1-/2— Fe3t/Fe?*
Fe,S5Cys, 2—/3— Fey3t/Fe3t Fe?t
FesSiCyss 2—/3— Fes®t/Fe,®t Fe2t
FesSiCys, 2—/3— Fey3t Fe,2t/Fe3t Feg?t
1-/2— Fes3" Fe?/Fey3" Fey?*

The redox potentials of [Fe-S] clusters in [Fe-S]
proteins vary widely,* the most positive being >+400
mV (vs SHE) while the most negative are <—600 mV.

For many [Fe-S] proteins, the redox potentials of
their [Fe-S] clusters are of physiological importance.
While the functions of many [Fe-S] proteins are not
firmly defined, it is widely believed that the large
mayjority are electron transport proteins. The kinet-
ics of electron transfer between proteins is a sensitive
function of their relative redox potentials.> For those
[Fe-S] proteins engaged in electron transport, the
redox potentials of their clusters are thus of central
importance to their biological function.

In this article we discuss the relationship between
the structure of an [Fe-S] protein and its redox
potential. Specifically, we address the question: for
a given [Fe-S] cluster, what are the origins of the
variations in redox potential exhibited by different
proteins? This question has been debated extensively
in the literature. Evidence has been adduced for the
importance of a variety of parameters, such as
cluster—protein hydrogen bonding, cluster solvent
accessibility, and the number of charged residues.
Here, we describe a new approach to understanding
the protein control of [Fe-S] cluster redox poten-
tials: quantitative modeling. Molecular modeling is
increasingly widely used in predicting and under-
standing the energetics of biological molecules and
their chemical reactions.®” Here, we discuss the
application of this general methodology to the specific
problem of redox potentials. We present and discuss
the results of recent studies®1° of the redox potentials
of [Fe-S] proteins carried out using the microscopic
methodology developed by Warshel and co-workers
and referred to as the Protein Dipoles Langevin
Dipoles (PDLD) model.1*12 The protein is modeled
as a collection of charged, polarizable atoms. Aque-
ous solvent molecules are modeled as orientable point
dipoles (“Langevin dipoles”). The interaction of the
[Fe-S] cluster with the surrounding protein and
solvent is evaluated using classical electrostatics. As
we will show, this model provides a physically
realistic basis for the estimation of the effects of the
protein and solvent environments of an [Fe-S] cluster
on its redox potential.
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To begin with, we describe the PDLD methodology
and summarize the results of PDLD calculations on
a range of natural [Fe-S] proteins whose structures
have been determined by X-ray crystallography.
Next, we evaluate the consequences of molecular
dynamics (MD) averaging of PDLD calculations.
PDLD and MD-PDLD calculations for a set of mu-
tants of one specific [Fe-S] protein are then compared
to experiment. Subsequently, we discuss the contri-
butions of charged residues to redox potentials.
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FeCys, Fe,S,Cys,

Fe,S,Cys, Fe,S,Cys,

Figure 1. Structures of common iron—sulfur clusters. Iron
is represented by the small dark spheres; inorganic sulfide,
by the large white spheres; Cys Sy, by the large gray
spheres.

There follow predictions for two specific proteins
whose structures are known but whose redox poten-
tials have not been reported. Thereafter, we briefly
critique prior discussions of [Fe-S] protein redox
potentials and offer a few concluding comments.
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Il. Modeling Redox Potentials Using the PDLD
Approach

The calculation of the redox potential of a redox-
active prosthetic group within a protein is the
calculation of the difference in the free energies of
the oxidized and reduced states. The free energy of
a given state is the sum of the intrinsic free energy
of the prosthetic group and the free energy of
interaction with the surroundings—in this case,
protein and solvent. Our goal is to calculate the
second of these two contributions, using classical
electrostatics. Variations in the protein surrounding
the prosthetic group will lead to variations in its free
energy—and, hence, in the free energy difference for
oxidized and reduced states and the redox potential.
If we can successfully model the interaction of a
prosthetic group with its environment we can there-
fore predict the variations of its redox potential with
protein. We do not aspire to calculate the intrinsic
free energy of the prosthetic group, which requires
guantum mechanical calculations.'® As a result, we
cannot predict absolute redox potentials.

The protein and the solvent are both important
contributors to the free energy of a prosthetic group
and its change with oxidation level. It is therefore
important that, in addition to an accurate description
of the protein, the solvent is reliably modeled. The
solvent model can be microscopic or macroscopic, i.e.
individual solvent molecules can be modeled or the
solvent can be treated as a continuum dielectric. The
former is clearly preferable, while enormously more
complex computationally. The PDLD model adopts
a microscopic solvent model. At the same time, the
solvent molecules are represented by point dipoles
and the solvent model is therefore not fully atomic.
This compromise is adopted in the interests of
computational efficiency.

The PDLD methodology has been used extensively
and applied to a range of problems of bioenergetics.™*
Detailed discussions of the PDLD equations and their
implementation in the POLARIS program have been
presented repeatedly.1%1214-18 The first application
of the PDLD method to the problem of protein redox
potentials was the 1986 study of cytochrome ¢ by
Churg and Warshel.'> This work was subsequently
extended to a mutant (N521) of cytochrome c¢.® Blue
copper proteins have also been studied.?®

We now discuss the PDLD methodology in more
detail and specifically for the case of [Fe-S] clusters
of proteins in aqueous solution. We then present the
numerical results of calculations on five sets of
[Fe-S] proteins, each set containing the same [Fe-S]
cluster expressing the same redox couple.

A. The PDLD Methodology
1. Overview

The PDLD method addresses the problem of a
protein containing a redox-active prosthetic group—
here, an [Fe-S] cluster—embedded in aqueous solvent.
The atoms of the [Fe-S] cluster are given charges.
The sum of these atomic charges is the net cluster
charge. The individual and net charges of the cluster
change with cluster oxidation state. The atoms of
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the protein surrounding the [Fe-S] cluster are given
charges and polarizabilities. The sum of these charges
is zero, i.e., the total charge equals the cluster charge.

Agqueous solvent is represented as follows: a sphere
of radius r_ is defined with the prosthetic group at
its center. Water outside this sphere is represented
as a continuum dielectric. Water molecules inside
the sphere are represented by point dipoles. The
sphere is filled by a 3D grid, spacing s. Dipoles are
placed at all grid points except those for which the
distance to a protein atom is < ra + rw where ra is
the protein atom van der Waals radius and ry is the
water dipole van der Waals radius. That is, water
dipoles are excluded when they are too close to one
or more protein atoms.

The protein and solvent environment of the [Fe-S]
cluster interact electrostatically with the cluster. The
interactions are (1) the interaction of the [Fe-S]
cluster atom charges with the surrounding protein
atom charges; (2) the interaction of the [Fe-S] cluster
atom charges with the dipoles induced in the polariz-
able protein atoms by both [Fe-S] cluster and protein
atom charges; (3) the interaction of the [Fe-S] cluster
atom charges with the water dipoles; the orientation
of each individual dipole is determined by the net
electrostatic field of the [Fe-S] cluster atom charges,
the protein atom charges and induced dipoles, and
all other water dipoles; (4) the interaction of the [Fe-
S] cluster atom charges with the aqueous continuum
dielectric. Interactions 1, 2, 3, and 4 are referred to
as vqu, Voa VL, and vg respectively. The total
electrostatic interaction of the cluster with its envi-
ronment is then

U= Vg, T Ve T UL T g )

The interactions are a function of the cluster charge
i.e., its oxidation level.

The redox free energy, AG, is expressed as the sum
of the intrinsic redox free energy of the cluster, AG;,
and the contribution of the cluster environment, AGe:

AG = AG, + AG, )

In the PDLD model, AG, is approximated by the
change in the electrostatic interaction of the cluster
with its environment associated with the change in
oxidation state, Av:

Av = Avg, + Avg, + Av + Avg 3

For proteins containing a given [Fe-S] cluster type
and redox couple it is further assumed that AG;j is a
constant. The difference in redox free energy for two
proteins, A and B, is then determined entirely by the
change in AG, = Av:

AAG = AG® — AG" = AG? — AGL =
AV® — Av™ = AAv (4)

The PDLD model thus permits the variation in redox
free energy among proteins expressing the same
cluster and redox couple to be calculated.?*

2. Equations

The equations of the PDLD model have been
discussed in detail previously;*1214718 here, we pro-
vide a concise summary.
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The interactions of the Fe-S cluster and the atoms
of the protein, vq, and vq., are given by

Vou = ZQiqj/rij (5)

VQa = _1/2 Z.”j'Ej (6)
1

where i and j run over cluster and protein atoms
respectively, Q; and g; are the charges of atoms i and
J, separated by rjj, g; is the induced dipole moment of
atom j, and E;j is the electric field at atom j due to
the cluster and protein charges. The induced dipole
moment g; is given by

i = oE; (7)

where q; is the polarizability of atom j and E; is the
sum of E;j and the fields of the induced dipoles of all
other protein atoms.

The interaction of the cluster and the water dipoles,
vy, is given by

v =, Z #Ey (8)

where gy is the average dipole moment of the kth
water dipole and Ey is the electric field at dipole k
due to the cluster and protein charges. The so-called

“Langevin dipole” ,u:; is given by the equation
pic = ejgiolcoth y, — Lyl (9)
Xk = Ul EIIKT (10)

where uo is the water permanent dipole moment,
E, = |E\ley is the sum of E, and the average dipoles
of all other water dipoles. An equation of the form
of eq 9 was first obtained by Langevin in treating
classically the magnetic susceptibility of an ensemble
of noninteracting, orientable permanent magnetic
dipoles using Boltzmann statistics.??> The analogous
equation for electric dipoles was subsequently ob-
tained by Debye in treating the dielectric constant
of an ensemble of noninteracting orientable perma-
nent electric dipoles.?? Equation 9 is an extension
of the Langevin—Debye equation to the case of
interacting, orientable permanent electric dipoles.?3

The interaction of the cluster and the continuum
water, vg, is given by

sz_lQ_z(l_i)_%/‘z (M) (11)

21, €w r 2 \2e, 1

where Q and u are the protein charge and dipole
moment respectively and e, is the bulk dielectric
constant of water.

3. Implementation and Parameters

The implementation of the PDLD method used in
the studies reported here is incorporated in the
program POLARIS, most recently described and
documented by Lee, Chu, and Warshel.*®

The calculation starts from a protein structure,
usually in Brookhaven PDB file format. This struc-
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Table 1. [Fe-S] Cluster Charges?

charge
cluster atom oxidized reduced
FeCys 12~ Fe —0.05 —0.38
Sy —-0.2375 —0.405
Fe,S,Cys2 /30 Fe —0.02 —0.07
-0.15
Sy -0.28 —0.365
—0.455
S* —0.42 —-0.57
FesS,Cysz> /3~ Fe —0.057 —0.109
Sy —0.203 —0.339
S* —0.305 —0.414
FesS4Cys =2~ Fe —0.005 —0.05
Sy —0.065 —0.18
S* -0.18 -0.27
Fe4S,Cyss2 /3~ Fe —0.05 —0.095
Sy -0.18 —0.295
S* -0.27 —0.36

a Derived from X, density functional calculations.?* ® Upper
and lower charges in the 3— cluster are for the “Fe3™ and
“Fe?"” sites, respectively (see text).

ture is first converted to a form suitable for PDLD
calculations. This involves (i) the deletion of un-
wanted atoms and (ii) the addition of missing atoms.
All crystallographic water molecules are deleted. In
addition, exogenous ions and molecules (e.g. ClI-,
S04%, etc.) and, where guestionable, chemical modi-
fications of amino acid side chains, are removed.
Subsequently, H atoms are added, using “standard”
bond lengths, bond angles, and torsional angles. All
acidic and basic side chains are constructed in their
neutral form. If coordinates were not reported for
side chain atoms, they are added, again using “stan-
dard” geometrical parameters. In the case of side
chains capable of “free” rotation, the relative (Cou-
lombic) energies of four orientations are evaluated
(see below) and the configuration of minimum energy
selected. In the case of histidine residues, the
relative energies of the N;- and N.-protonated forms
are evaluated similarly and the configuration of
minimum energy again selected.

Next, charges are assigned to all protein atoms.
The charges of the [Fe-S] cluster sum to the net
charge and depend on the cluster oxidation level. The
values used in the studies described below are given
in Table 1. They are obtained from ab initio density
functional theory (DFT) calculations.?* (Note that the
results of PDLD calculations are fairly insensitive to
the specific atom charges adopted.®) All other atoms
are assigned “standard” charges, with two excep-
tions: (i) the 8-CH; and a-CH moieties of ligating
cysteine residues are uncharged, and (ii) the Fe and
S* of other [Fe-S] clusters are uncharged. The
Coulombic interactions of the Fe,SXS,), cluster in
its oxidized and reduced states with all other protein
atoms, vq,, are then calculated. (As indicated above,
where multiple options are considered for H atom
positions, v, is calculated and the position of lowest
energy selected.)

The dipoles induced in the protein atoms (excluding
cluster atoms) by the protein charges are then
calculated, giving values for vq, in the oxidized and
reduced protein states. Next, the Langevin dipole
grid is constructed and v, calculated. The grid fills
a sphere of radius r_ = 25 A and comprises inner and
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outer sections: the former has a 1 A spacing and fills
an inner-sphere of radius 12 A; the latter has a 3 A
spacing and fills the shell between the 12 and 25 A
spheres.?> Grid points are assigned dipoles as de-
scribed above. wv_ is then calculated, using the
previously assigned protein charges and induced
dipoles, with the cluster in its oxidized level. The
origin of the grid is then varied and v, recalculated.
This is repeated up to a total of 30 grids. The grid
providing the largest v is selected as the optimum.
This grid is then used to calculate v, for the reduced
cluster. Lastly, the bulk dielectric contributions, vg,
are calculated. Note that the calculations of vg, and
v are iterative; we use 10 and 30 iterations respec-
tively to achieve adequate convergence.

Changes in Av (in cal) are related to changes in
redox potential, ¢ (in mV), via

1000 cal = 43.4 mV 1 mV = 23.06 cal

B. PDLD Calculations

PDLD calculations require protein structures i.e.
atomic coordinates. Since the earliest structure
determinations of proteins containing [Fe-S] clus-
ters—for the prototypical rubredoxin of Clostridium
pasteurianum,?® HiPIP of Chromatium vinosum,?’
and low-potential ferredoxin of Peptococcus aero-
genes?’—the number of such structures has increased
steadily. Until recently, structures were exclusively
derived via X-ray crystallography; very recently,
NMR structures have begun to be reported. Table 2
lists the proteins containing [Fe-S] clusters whose
structures have been determined to date and details
the Brookhaven Protein Data Base (PDB) file names
of the structures (where available), for X-ray struc-
tures the resolution of the diffraction data, and
specific relevant features of the structures. In some
cases, initially reported X-ray structures have been
improved by the use of new data at higher resolution
and/or by further refinement. In such cases, Table
2 lists only the most recent (and, presumably, ac-
curate) structure. In three cases—PfRd, CvHIPIP,
and AvFdl—X-ray structures have been reported for
both oxidized and reduced proteins. In two cases—
CaFd and AvFdl—X-ray structures have been re-
ported by two different groups. In a number of cases,
crystal unit cells contain more than one independent
protein molecule and multiple structures result.

Table 2 also lists the redox potentials, where
known, of the proteins whose structures have been
determined. Redox potentials depend on many pa-
rameters, including pH, temperature, buffer, ionic
strength, and method of measurement. For many
proteins, redox potentials have only been measured
by a single method and for a single set of experimen-
tal parameters. In a few cases, the variation of redox
potential with experimental variables has been more
extensively studied. In general, over the ranges
studied variations are tens of millivolts in order of
magnitude. This should be borne in mind when
comparing redox potentials of different proteins
measured by different methods and/or under different
experimental conditions.

Comparison of PDLD calculations of redox poten-
tials of [Fe-S] proteins containing a specific type of
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cluster to experiment requires that there exist two
or more proteins whose structures and redox poten-
tials are known. At this time, this requirement is
met in the case of the FeCys,, Fe,S,Cyss, FesS4Cyss,
and FesS,Cys, clusters. To date, there are insuf-
ficient structures of proteins containing clusters
heterogeneous with respect to either metal content
or ligation.

Fe Cys, Proteins. Proteins containing the Fe
Cys, cluster are referred to as rubredoxins. The
name originates in their characteristic red color when
the cluster is in its oxidized, 1—, state. Structures
have been reported for seven proteins containing
FeCys, clusters. Here, we consider the five
rubredoxins: CpRd, DdRd, DgRd, DvRd, and PfRd.
They are all bacterial and very similar in size (45—
54 amino acids). All contain two Cys-X,-Cys se-
guences which together provide the four ligands of
the cluster. The second Cys of each binding region
is followed by Gly. Due to their relatively small size,
X-ray structures have in all cases been obtained at
relatively high resolution (1.0—1.8 A). In one case,
PfRd, X-ray structures were determined in both
oxidized and reduced states; all other structures are
for oxidized proteins.

The 1—/2— redox potentials of these five rubredox-
ins listed in Table 2 lie within an extremely narrow
range: —60 to +5 mV. Note that the value for PfRd
is for 25 °C; above ~50 °C, the potential of PfRd drops
rapidly with increasing temperature, being <—150
mV at 90 °C."8

The results of PDLD calculations on CpRd, DdRd,
DgRd, DvRd, and PfRd are given in Table 3 and
Figure 2. The N-formyl groups in DdRd and DgRd
are removed. In the cases of DdRd and DvRd
calculations were carried out for the 16 and 8
structures comprising all permutations of disordered
residues and the results averaged. In the case of
PfRd, calculations were carried out using the oxidized
structure (1CAA).

Fe,S,Cys, Proteins. Structures have been re-
ported for nine proteins containing Fe,;S,Cys, clus-
ters. Here we consider the four proteins: AnhetFd,
AnvegFd, EaFdl, and SpFd. They are all plant or
algal proteins and very similar in size (95—98 amino
acids). All contain one Cys-X,4-Cys-X,-Cys sequence
which provides three of the four Cys cluster ligands;
the fourth Cys ligand is distant in the sequence. The
resolution of the X-ray structures varies from 1.7 to
2.5 A. All structures were determined in the oxidized
state.

The 2—/3— redox couple potentials of the four
ferredoxins lie within a very narrow range: —380 to
—440 mV. Note that the potential of EaFdl is
guestionable (Table 2, footnote j).

The results of PDLD calculations on AnhetFd,
AnvegFd, EaFdl, and SpFd are given in Table 4 and
Figure 3. In the cases of AnvegFd, and EaFdlI there
are two independent molecules in the unit cell and,
hence, two structures. In each case, calculations
were carried out for both structures and the results
averaged.

The reduced 3—, state of the Fe,S,Cys, cluster is
“valence-localized (trapped)” i.e. one Fe is 2+, the
other is 3+. NMR studies have shown that in SpFd
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Table 3. FeCys, Proteins (Rubredoxins)?

Stephens et al.

CpRdP DdRd DgRd DvRd PfRd
PDLD MD-PDLD PDLD MD-PDLD PDLD MD-PDLD PDLD MD-PDLD PDLD MD-PDLD
Avg, 70.36 71.62 70.18 75.84 70.42 72.26 72.33 71.69 74.54 74.56
Avgq 19.41 19.41 19.8 17.56 18.45 18.89 18.86 18.62 18.85 17.73
Av 54.17 57.61 58.11 55.93 58.92 57.56 62.43 61.78 60.65 56.98
Avg 18.4 19.53 19.02 19.43 19.78 19.6 20.2 19.84 19.86 19.02
Av 162.34 168.17 167.11 168.76 167.57 168.31 173.82 171.93 173.9 168.29
AAv 0 0 4.77 0.59 5.23 0.14 11.48 3.76 11.56 0.12
€calc’ —60 —60 147 —-34 167 —54 438 103 441 —55
Avgg —2.22 —0.82 —0.86 -1.3 —1.38
AA?)QQ 0 1.4 136 092 084
Aecarc 0 61 59 40 36
€obs —60 0 5 5 0
2 Av in keal; € in mV. P 5RXN. ¢ CpRd is chosen as the reference protein.
Table 4. Fe;S,Cys, Proteins?
AnHetFd AnVegFd EaFdl SpFd AsFdl
PDLD MD-PDLD PDLD MD-PDLD PDLD MD-PDLD PDLD MD-PDLD PDLD MD-PDLD
Avg, 114.07 119.63 119.35 119.97 122.2 118.09 91.7 115.55 104.04 119.49
Avgq 31.31 28.73 28.69 26.52 25.49 24.43 40.55 29.85 38.31 28.1
Av, 58.42 58.29 58.4 55.94 59.29 62.95 63.79 60.76 59.29 59.07
Avg 31.08 32.35 31.63 30.85 32.9 32.34 32.15 32.13 31.76 32.34
Av 234.88 239 238.07 233.28 239.88 237.81 228.19 238.29 2334 239
AAv 0 0 3.19 -5.72 5 -1.19 —6.69 -0.71 —1.48 0
€calc —405 —405 —267 —653 —188 —457 —695 —436 —469 —405
Avgg -2.22 —-3.52 —2.63 -3.87 -3.77
AAvgq 0 -1.3 —-0.41 —1.65 —1.55
Aé€calc 0 —-50 —-16 —63 —60
€obs —405 —440 —405 —380
a Av in kcal; € in mV. ® AnHetFd is chosen as the reference protein.
MD-PDLD MD-PDLD
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Figure 2. PDLD calculations for FeCys, clusters. Com-
ponents of Av are calculated with (MD-PDLD) and without
(PDLD) molecular dynamics averaging.

and Porphyra umbilicalis ferredoxin it is the Fe
ligated by the two Cys separated by four residues in
the Cys-X;-Cys-X»-Cys motif which is reduced.® Our

S
(=]

OAnhet Anveg AsFdI EaFdI SpFd

Figure 3. PDLD calculations for Fe,S,Cys, clusters.
Components of Av are calculated with (MD-PDLD) and
without (PDLD) molecular dynamics averaging.

calculations are based on the assumption that this
is the case in all four proteins.

FesS,Cys; Proteins. Structures have been re-
ported for four proteins containing Fe3S;Cys; clus-
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Table 5. Fe3S,Cyss Proteins?

AvFdl DgFdll

PDLD MD-PDLD PDLD MD-PDLD
Avgy 96.79 95.77 84.26 84.3
Avgq 31.23 31.72 32.93 29.49
Av 36.76 36.66 62.5 57.52
Avg 30.54 31.16 31.31 31.36
Av 195.32 195.31 211 202.67
AAv 0 0 15.68 7.36
€calc —425 —425 255 —106
Avoo —4.25 -4.37
AAUQQ 0 -0.12
Aecalch 0 -5
€obs —425 —130

a Av in kcal; € in mV. P AvFdl is chosen as the reference
protein.
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Figure 4. PDLD calculations for Fe3S,Cyss clusters.
Components of Av are calculated with (MD-PDLD) and
without (PDLD) molecular dynamics averaging.

ters. Here we consider the two proteins: AvFdl and
DgFdll. In DgFdll, the Fe;S,Cyss cluster is the only
prosthetic group; in AvFdl, a Fe;S,Cys, cluster is also
present. The two proteins differ significantly in size
and do not possess a common sequence motif con-
taining either two or three Cys ligands. The resolu-
tion of the X-ray structure of DgFdll is 1.7 A. The
structure of DgFdll is for the oxidized state. X-ray
structures of AvFdl have been reported by two
groups. Merritt et al. reported a 2.3 A structure at
pH 6.5.* Stout*>“¢ reported structures with the
Fe3S,4Cyss cluster in both oxidized and reduced states
and at two pH values: 6 and 8; in all structures the
FesS4Cys, cluster is in the same, 2—, oxidation level.

The potentials of the 2—/3— redox couple of AvFdl
and DgFdll, —420 and —130 mV respectively, differ
significantly. The potential of the Fe3S,Cys; cluster
of AvFdI exhibits substantial pH dependence.®> Spec-
troscopic studies'®® have shown that this originates
in protonation of the reduced protein at low pH; the
pK is in the range 7—8.85106

The results of PDLD calculations on AvFdl and
DgFdll are given in Table 5 and Figure 4. In the

Chemical Reviews, 1996, Vol. 96, No. 7 2499

case of DgFdll, C11 was reported to be chemically
modified (thiomethylated). Subsequent NMR studies
are consistent with an unmodified C11.19 We have
therefore deleted the extra thiomethyl atoms from
the PDB file. Calculations on AvFdl used the oxi-
dized, pH 8 structure 4FD1.

Fe S4Cys, Proteins. The FesS4Cys, cluster may
express either the 1—/2— redox couple or the 2—/3—
redox couple. To date, all potentials of the 1—/2—
couple are > 0 mV, while all potentials of the 2—/3—
couple are < 0 mV.1%® Accordingly, proteins express-
ing the 1—/2— couple have been named HiPIPs (high-
potential iron proteins). Those expressing the 2—/
3— couple are sometimes referred to as low-potential
ferredoxins.

Structures have been reported for four HiPIPs: Cv,
Eh, Ev, and Rt. They are all bacterial and fairly
similar in size (62—85 amino acids). All contain a
single Cys-X,-Cys sequence providing two of the four
cluster ligands; the other two Cys ligands are distant.
The resolutions of their X-ray structures lie in the
range 1.5—2.0 A. In the case of CvHIiPIP, X-ray
structures were obtained for both oxidized and re-
duced states;?” for the other HiPIPs, oxidation states
were not defined.1%°

The potentials of the 1—/2— redox couple of the four
HiPIPs span the range +120 to +360 mV. In the
case of the Cv-, Ev-, and RtHiPIPs, thorough studies
of the pH, ionic strength and temperature depend-
ences of the potentials were recently reported.®!

The results of PDLD calculations for the 1—/2—
Fe,S4Cys, cluster redox couple on Cv-, Eh-, Ev-, and
RtHiPIPs are given in Table 6 and Figure 5. In both
Eh- and RtHIiPIPs there are two independent mol-
ecules in the unit cell and, hence, two structures. In
both cases, calculations were carried out for each
structure and the results averaged. The calculations
for CvHIPIP use the oxidized structure (1HIP). Four
residues were incompletely defined in this struc-
ture: K18, S26, A32 and Q50. Coordinates for the
side chains of these residues were obtained via
molecular modeling.

Structures have been reported for 12 proteins
containing Fe;S,Cys, clusters expressing the 2—/3—
couple. Here we consider the five proteins: AvFdl,
BtFd, CaFd, DaFdl, and PaFd. All are bacterial.
They vary significantly in size (55—106 amino acids).
Two contain a single Fe;S,Cys, cluster and no other
prosthetic group: BtFd and DaFdl. Two contain two
FesS4Cys, clusters: PaFd and CaFd. One contains
one Fe,S,Cys, and one FesS,Cys; cluster: AvFdl. A
Cys-X,-Cys-X,-Cys sequence provides three of the
four Cys ligands of each Fe,S,Cys, cluster, the fourth
Cys ligand being distant. The resolutions of their
X-ray structures lie in the range 1.8—2.3 A. X-ray
structures of PaFd, BtFd, CaFd, and DaFdl were
determined in their oxidized states. As discussed
above, the structure of AvFdl has been determined
in two oxidation states and at two pH values. In all
cases the Fe,S,Cys, cluster is in the oxidized, 2—
state.

The potentials of the 2—/3— redox couples of the
five proteins span the range —650 to —280 mV. In
the cases of PaFd and CaFd, the experimental redox
potentials of the two clusters are indistinguishable.



2500 Chemical Reviews, 1996, Vol. 96, No. 7

Table 6. HiPIP Proteins®

Stephens et al.

CVHiPIP EhHiPIP EvHiPIP RtHiPIP
PDLD MD-PDLD PDLD MD-PDLD PDLD MD-PDLD PDLD MD-PDLD

Avg, 35.84 26.88 39.6 28.75 23.75 19.29 37.38 27.99
Avou 24.84 27.77 23.82 28.24 32.43 33.38 21.19 23.01
Av, 34.02 31.52 24.55 23.08 36.13 31.81 38.54 37.87
Avg 19.72 19.25 19.74 19.26 19.94 18.97 19.45 19.02
Av 114.42 105.42 107.71 99.33 112.25 103.45 116.56 107.89
AAv 0 0 —6.71 —6.09 -2.17 -1.97 2.14 2.47
ceald 360 360 69 9% 266 275 453 467
Avog 0.17 -1.35 -0.72 1.45
AAvoo 0 ~1.52 ~0.89 1.28
Ae 0 —66 ~39 56
€obs 360 120 170 300

2 Av in keal; € in mV. ® CvHiPIP is chosen as the reference protein.
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Figure 5. PDLD calculations for Fe,;S,Cys,1~/2~ clusters.
Components of Av are calculated with (MD-PDLD) and
without (PDLD) molecular dynamics averaging.

The results of PDLD calculations for the 2—/3—
Fe;S4Cys, cluster redox couple on AvFdl, BtFd, CaFd,
DaFdl, and PaFd are given in Table 7 and Figure 6.
In the case of DaFdl there are two independent
molecules in the unit cell. Calculations were carried
out for the two structures and the results averaged.
In the case of CaFd, the structure of Duee et al.
(IFDN) was used; calculations were carried out for
both orientations of N21 and the results averaged.
In the case of AvFdl, the oxidized, pH 8 structure
4FD1 of Stout was used.

In addition to PDLD calculations on expressed
redox couples of proteins containing Fe;S,Cys, clus-
ters, we have also carried out a limited number of
calculations on unexpressed redox couples. Specifi-
cally: we have carried out calculations for the 1—/
2— couple of the low-potential ferredoxins AvFdl and
BtFd and for the 2—/3— couple of the Cv- and

EvHIiPIPs. The results are given in Tables 8 and 9
and Figure 7.

We now examine the results obtained from the
PDLD calculations in more detail. To begin with we
discuss the four contributions to Av individually.
Subsequently, we discuss the variations in Av and
the variations in redox potential predicted thence.

We focus first on the Awvg, terms. These vary
widely. Overall, the range is ~100 kcal. The lowest
values are given by the Cv-, Eh-, Ev-, and RtHiPIPs
(20—40 kcal). The highest values are given by the
Anhet, Anveg, Ea- and Spferredoxins (90—130 kcal).
Avg, can be partitioned into the contributions of
individual amino acid residues as illustrated in
Figure 8 for CpRd, AnhetFd, AvFdl (FesS,Cyss
cluster), CvHIiPIP and AvFdl (FesS4Cyss cluster).
Individual contributions of residues lie in the range
0—12 kcal and can be both positive and negative; for
all five proteins, positive contributions predominate.
The largest individual contributions originate in
residues close to the cluster.

The contributions of individual amino acid residues
can be further separated into the contributions of
their C,H + side chain and their amide (NH and CO)
components. The contributions of amide groups are
also illustrated in Figure 8. It is immediately ap-
parent that they vastly preponderate over the con-
tributions of the C,H and side-chain groups. A very
large fraction of the total Avg, is thus attributable
to the amide groups of the protein.

It is not surprising that amide groups yield large
Avg, contributions. An amide group has a very large
dipole, due to the high polarity of both N—H and
C=0 bonds and their essentially parallel alignment
when the amide group is trans. When (i) close to a
charged cluster and (ii) optimally oriented, it is to
be expected that the cluster charge—amide dipole
interaction is substantial.

The variations in Avg, among proteins can thus,
to a good first approximation, be correlated with the
structure of the main chain of the polypeptide in the
vicinity of the cluster. Proteins, containing a given
cluster, which exhibit high structural homology
around a cluster can be expected to give very similar
Avg, values. Conversely, low homology should lead
to substantial differences in Avg,. This expectation
is borne out. The five rubredoxins studied have very
similar main chain structures in the vicinity of the
FeCys, cluster.22732 Accordingly, the Avg, values fall
in a narrow range: 70—75 kcal. The four Fe,S,Cys,
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Table 7. Low-Potential Fe;S,Cys, Proteins?

Chemical Reviews, 1996, Vol. 96, No. 7 2501

AVFdI BtFd CaFd(l) CaFd(11)
PDLD MD-PDLD PDLD MD-PDLD PDLD MD-PDLD PDLD MD-PDLD

Avo, 90.83 85.97 67.5 75.14 84.8 89.24 91.67 85.35
Avoe 26.17 27.48 37.73 32.63 24.08 21.99 21.22 23.94
Avp 56.46 53.79 66.19 65.81 63.49 58.75 61.85 61.12
Avg 32.98 32.23 31.77 33.01 31.71 31.63 31.66 3157
Av 206.44 199.47 203.19 206.59 204.08 201.61 206.4 201.98
AAv 0 0 -3.25 7.12 ~2.36 2.14 —0.04 2.51

€cals? —650 —650 —791 341 —752 —557 —652 —541
Avoo —4.74 —4.44 —2.29 —2.55
AAvoo 0 0.3 2.45 2.19

Ae 0 13 106 95

Cobs —650 —280 —420 —420
DaFdlI PaFd(l) PaFd(l1)
PDLD MD-PDLD PDLD MD-PDLD PDLD MD-PDLD

76.52 85.41 93.32 91.12 86.44 88.69

26.78 25.6 20.48 21.35 22.73 22.17

60.21 57.06 60.63 59.15 60.38 56.74

32.66 32.05 30.84 31.17 31.48 31.53

196.17 200.12 205.27 202.79 201.03 199.13

-10.27 0.65 -1.17 3.32 —5.41 ~0.34

-1,095 622 -701 —506 -885 —665
—3.51 ~1.87 —2.33
1.23 2.87 2.41
53 124 105
-385 —430 —430

a Av in kcal; € in mV. ® AvFdl is chosen as the reference protein.

MD-PDLD

Energy (kcals)

Energy (kcals)

AvFdl  BtFd CaFd(I) CaFd(II) DaFdl PaFd(I) PaFd(II)

Figure 6. PDLD calculations for Fe;S,Cys,?>~3~ clusters.
Components of Av are calculated with (MD-PDLD) and
without (PDLD) molecular dynamics averaging. Gray
shades are assigned as in Figures 2—5.

ferredoxins exhibit considerable similarity35:36.38.39
and their Avg, values lie in the range 92—122 kcal.
The Fe4sS4Cysa proteins exhibit a wide range of Avg,
values. For the 1—/2— redox couple, Avg, values for
the four HiPIPs lie in the range 24—40 kcal while

for AvFdl and BtFd Awg, are 91 and 68 kcal,
respectively. For the 2—/3— redox couple, Avg,
values for the low-potential ferredoxins, AvFdl, BtFd,
CaFd, DaFd, and PaFd lie in the range 68—93 kcal
while for CvHiPIP and EvHIPIP Avg, are 36 and 24
kcal, respectively. The cluster environments in the
HiPIPs are very similar,50753 and this is also the case
for the five low-potential ferredoxins.*4-4656-60 |n
contrast, the cluster environments of the HiPIPs and
the low-potential ferredoxins are very different.?” The
much lower values of Avg, for the HiPIPs show the
orientations of the amide groups in the environments
of the clusters in these proteins are much less
favorable than in the low-potential ferredoxins.

We turn now to the Avg, terms. These are a more
complex function of the protein charge distribution
than is Avg, and are difficult to partition in a
qualitatively useful fashion. Variations of Avgq
among similar proteins tend to be opposite in sign
to those in Avg,; that is, the sum of Avg, and Avg,
varies less than Avg, alone.

The Av,_ terms originate in water dipoles which fill
the space (within the sphere of radius r) not occupied
by protein atoms. The magnitude of Av,_ depends,
first, on the size of the protein: the larger the protein,
the smaller the number of water dipoles and, hence,
Av. In addition, the magnitude of Av,_ depends on
the spatial distribution of the water dipoles. On
average, water dipoles close to the cluster will
contribute more strongly to Av,_ than those far from
the cluster. Thus, the magnitude of Av_ depends on
the closeness of water dipoles to the cluster or, put
in another way, the closeness of the cluster to the
surface of the protein. For the proteins we have
studied, Av, values range from 25 to 70 kcal. The
lowest values are for the four HiPIPs, whose Av_
values of 25 to 39 kcal reflect the relatively buried
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Table 8. Predictions for the 1-/2— Redox Couple of Fe,S,Cyss Proteins?

CvHIiPIP AvFdl BtFd EcEnllII

PDLD MD-PDLD PDLD MD-PDLD PDLD MD-PDLD PDLD MD-PDLD
Avgy 35.84 26.88 90.82 76.89 67.5 63.61 15.79 10.65
Avgq 24.84 27.77 —0.09 5.54 12.76 11.97 31.46 32.37
Av, 34.02 31.52 32.75 28.77 39.76 40.14 45.42 43.32
Avg 19.72 19.25 20.73 19.81 19.43 19.96 19.4 19.2
Av 114.42 105.42 144.21 131.01 139.45 135.68 112.07 105.54
AAv 0 0 29.79 25.59 25.03 30.26 -2.35 0.12
Ecalc” 360 360 1,652 1,470 1,445 1,672 258 365
€obs 360
a Av in kcal; € in mV. ? CvHiPIP is chosen as the reference protein.

Table 9. Predictions for the 2—/3— Redox Couple of Fe;S;Cyss Proteins?
AvFdl CVvHIPIP EvHIPIP EcEnlllI

PDLD MD-PDLD PDLD MD-PDLD PDLD MD-PDLD PDLD MD-PDLD
Avgy 90.82 85.97 35.84 40.25 23.75 29.68 15.79 17.16
Avgq 26.17 27.48 52.51 49.64 59.99 55.47 58.98 56.18
Av, 56.46 53.79 53.84 51.47 55.8 52.62 67.17 64.52
Avg 32.98 32.23 32.3 31.8 32.03 31.34 31.86 31.56
Av 206.43 199.47 174.49 173.16 171.57 169.11 173.8 169.42
AAv 0 0 —31.94 —26.31 —34.86 —30.36 —32.63 —30.05
Ecalc” —650 —650 —2035 —-1791 —2162 —1967 —2065 —1953
€obs —650

a Av in kcal; € in mV. P AvFdl is chosen as the reference protein.

Fe,S,Cys 41'/2' Couple

Fe,S,Cys 42'/3' Couple

200 2007,
MD-PDLD
160 160
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Figure 7. PDLD calculations for Fe,S,Cys, clusters: (left)
PDLD and MD-PDLD calculations for the 1—/2— redox
couple comparing AvFdl, BtFd, and EcEnlll with CvHIPIP,
and (right) PDLD and MD-PDLD calculations for the 2—/
3— redox couple comparing CvHiPIP, EVHIiPIP, and EcE-
nlll with AvFdl. Gray shades are assigned as in Figures
2-5.

& & & &
R

nature of their Fe,S,Cys, clusters. For all other
proteins (with the one exception of AvFdl (Fe;S,Cyss))
Av, is > 50 kcal, reflecting the proximity of their
clusters to the protein surface. A more detailed
picture of the relationship between the distances of
water dipoles from the cluster and their contributions
to Aw, is provided by the radial distribution plot in
which the contribution to Av, of all dipoles within a

sphere of radius r around the cluster is plotted versus
r. Radial distributions of Av,_ for CpRd, AnhetFd,
AvFdl (Fe3S,Cyss cluster), CvHIiPIP, and AvFdl
(Fe4S4Cys, cluster) are given in Figure 9. The greater
distance of the Fe,S,Cys, cluster of CvHiPIP from the
protein surface relative to the FeCys,, Fe,S,Cys,4, and
FesS4Cys, clusters of CpRd, AnhetFd, and AvFdl is
readily apparent from the magnitude and slope of the
contributions of water dipoles at small values of r.
Thus, water dipoles at <10 A contribute 15 to 30 kcal
in CpRd, AnhetFd, and AvFdl and <10 kcal in
CvHIPIP.

We turn now to the total Av values. There are
wide variations in Av, from 108 kcal (EhHIPIP, 1—/
2— couple) to 240 kcal (EaFdl). Broadly, for a given
cluster similar values of Avg, lead to similar values
of Av. For the four rubredoxins, the Avg, range is
70—75 kcal and the Av range 162—174 kcal. For the
four Fe,S,Cys, ferredoxins, the Avg, range is 92—122
kcal and the Av range is 228—240 kcal. For the two
FesS4Cyss proteins, Avg, and Av ranges are 84—97
and 195—211 kcal, respectively. For the 1—/2— redox
couple of the FesS4Cys, proteins, the Avg, range for
the four HiPIPs is 24—40 kcal and the Av range is
108—-117 kcal. In contrast, for AvFdl and BtFd Avg,/
Av are much higher: 91/144 and 68/139 kcal, respec-
tively. For the 2—/3— couple, the Avg, range for the
five low-potential ferredoxins is 68—93 kcal and the
Av range is 196—206 kcal. In contrast, for Cv- and
EVHIPIPs, Avg,JAv are much lower: 36/174 and 24/
172 kcal, respectively.

For a given cluster and redox couple, the variations
in Av among proteins enable variations in redox
potential to be calculated. The redox potentials
obtained from the PDLD calculations are given in
Tables 3—9. For each cluster type and redox couple,
the redox potential of one protein is chosen as a
reference i.e., its calculated potential is placed equal
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Energy (kcals)

Residue

Figure 8. Avq, resolved by amino acid residue. Avg,
resolved by total amino acid (M) and by the NH plus CO
groups (O) of the polypeptide for a representative of each
class of iron—sulfur cluster. The arrows indicate the
positions of the Cys ligands to the cluster.

to its observed potential. The choice of protein is
arbitrary.

By far the largest variations in Av and, conse-
quently, redox potential occur for the Fe;S,Cyss-
containing proteins. Our calculations predict the
ordering of potentials for the 1—/2— couple: [Cv-, Eh-,
Ev-, RtHiPIP] < [AvFdIl, BtFd]. With CvHiPIP
chosen as the reference protein, the redox potentials
for AvFdl and BtFd are predicted to be well above
+1000 mV. For the 2—/3— couple, we predict [Cv-,
EvHIPIP] < [AvFdIl, BtFd, CaFd, DaFdl, PaFd].
With AvFdl chosen as the reference protein, the
redox potentials for Cv- and EvVHIiPIP are predicted
to be well below —1000 mV. These predictions are
in agreement with the inaccessibility of the 1— state
for the low-potential ferredoxins and of the 3— state
for the HiPIPs.110
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Figure 9. Radial dependence of Av.. Aw vs distance from

the center of the cluster for a representative of each class
of iron—sulfur cluster.

Within groups of similar proteins, the predicted
variations in redox potential are less in accord with
experiment. For the five rubredoxins, the predicted
ordering is Cp < Dd < Dg < Dv < Pf in comparison
to the experimental ordering of Cp < Dd ~ Pf < Dg
~ Dv. More significantly, the range of potentials
predicted is 501 mV, in contrast to the observed range
of 65 mV. For the four Fe,S,Cys, ferredoxins, the
predicted order is SpFd < AnhetFd < AnvegFd <
EaFdl in comparison to the experimental ordering
of AnvegFd < AnhetFd ~ EaFdl < SpFd. The
predicted and observed ranges of potential are 507
and 60 mV, respectively. For the two Fe3S,Cyss
ferredoxins, the predicted and experimental order are
both AvFdl < DgFdll. The predicted and observed
ranges of potential are 680 and 295 mV, respectively.
For the four HiPIPs, the predicted ordering is Eh <
Ev < Cv < Rt in comparison to the experimental
ordering of Eh < Ev < Rt < Cv. The predicted and
observed ranges of potential are 384 and 240 mV
respectively. For the five low-potential ferredoxins,
the predicted ordering is DaFdl < PaFd(Il) < BtFd
< CaFd(l) < PaFd(l) < CaFd(ll) < AvFdl in com-
parison to the experimental ordering of AvFdl <
PaFd(l,Il1) < CaFd(l,Il) < DaFdl < BtFd. The
predicted and observed ranges of potential are 445
and 370 mV, respectively.
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lll.  Molecular Dynamics

“Static” PDLD calculations ignore (1) the relaxation
of the protein concomitant with the change in oxida-
tion level of the [Fe-S] cluster; and (2) the dynamical
motion of the protein which exists at ambient tem-
peratures (where redox potentials are measured).
Further, significant errors attach to the protein
coordinates obtained experimentally. These errors
are neither well-defined nor systematic and lead to
significant uncertainties in PDLD calculations.

Molecular dynamics (MD) provides a mechanism
for alleviating the deficiencies of static PDLD calcu-
lations. First, redox-dependent relaxation is intro-
duced. Second, the dynamical motion of the real
system is modeled. Third, protein structures are
relaxed using a uniform protein force field, thereby
compensating for the random fluctuations in experi-
mental structures.

A. Methodology

Molecular dynamics (MD) is carried out as follows.
A sphere of radius 12 A is defined, centered on the
[Fe-S] cluster. Solvent water within this sphere is
modeled at the atomic level i.e. “real” water molecules
are inserted. Outside, solvent water is modeled by
a dipole grid inside a sphere of radius 18 A and as
continuum dielectric beyond. Atoms within the 12
A sphere are allowed to move, while those outside
are fixed. In the calculations discussed here, the Fe
and S atoms of the [Fe-S] cluster are also fixed.

MD is carried out at 300 K both with the cluster
in the oxidized state and with the cluster in the
reduced state. Every 500 fs the structure is stored;
25 structures are generated over a total time of 12.5
ps. PDLD calculations are carried out for the 25
oxidized and 25 reduced structures. The MD-aver-
aged Av is then calculated using the Linear Response
Approximation relationship!81®

Av =, [[AvT, + AvLy] (12)

where [ and [(1kq denote averages over oxidized and
reduced structures.

The variation in structure during MD is illustrated
for AvFdl (FesS4Cysy) in Figure 10. The variations
of Avg,, Avge, Av and Av are illustrated for AvFdl
(FesS4Cysy) in Figure 11.

B. MD-PDLD Calculations

The results of MD-PDLD calculations are given in
Tables 3—9 and Figures 2—7.

FeCys, Proteins. The changes in Av due to MD
are in the range —6 to +6 kcal; the largest are for
CpFd (+6) and PfRd (—6). The range of Av values is
substantially reduced and is now 168—172 kcal.
Consequently, the range of predicted redox potentials
is reduced to 163 mV from 501 mV. When compared
to the experimental range, 65 mV, this is a major
improvement. The predicted redox potential order
is now Cp < Pf < Dg < Dd < Dv compared to the
experimental order Cp < Dd ~ Pf < Dg ~ Dv. Given
the narrowness of the range of observed potentials
the significance of comparing the predicted and
observed orderings of potentials is not great.

Stephens et al.

Figure 10. Molecular motion during molecular dynamics.
Superposition of 12 structures obtained at 1 ps intervals
during molecular dynamics on AvFdl. The region outside
12 A from the center of the cluster and the cluster itself
are constrained to the crystallographic coordinates.

Energy (kcals)
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%0 25 50 75 10.0 125

Time (ps)
Figure 11. Time dependence of PDLD energies during
molecular dynamics. Av and its components (Avg,, Avgq,
and Av.) during MD with the cluster in the oxidized state
(- - - -) and the reduced state (- - -) are shown. The open
symbols represent an average of these energies and the
closed symbols are the energies obtained on the initial
crystal structure.

Fe,;S,Cys; Proteins. The changes in Av due to
MD are in the range —5 to +10 kcal; for the four
proteins, the largest are for AnvegFd (—5) and SpFd
(+10). The range of Av values is substantially
reduced and is now 233—239 kcal. Consequently, the
range of predicted potentials is reduced to 248 mV
from 507 mV. When compared to the experimental
range, 60 mV, this is a substantial improvement. The
predicted redox potential order is now AnvegFd <
EaFdl < SpFd < AnhetFd compared to the experi-
mental ordering of AnvegFd < AnhetFd ~ EaFdl <
SpFd.

FesS,Cyss Proteins. The changes in Av due to
MD are 0 and 8 kcal for AvFdl and DgFdll, respec-
tively, substantially changing the difference in Av
from 16 to 7 kcal. This corresponds to a change in
the difference of these potentials from 680 mV to 319
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Table 10. RMS Deviations for PDLD and MD-PDLD
Calculations

minimum
A% (mV) rms® (mV)

FeCys,t/2-

PDLD —240 78

MD-PDLD 10 26
FeZSZCys42"3‘

PDLD —20 103

MD-PDLD 80 40
F93$4Cy532”3’

PDLD —-190 136

MD-PDLD -10 8
FE4S4cyS417/27

PDLD —40 35

MD-PDLD =50 34
Fe4S4Cys42”3’

PDLD 260 70

MD-PDLD 120 30
AvFdl mutants

PDLD 41°

MD-PDLD 22¢

a Change in potential to obtain minimum rms relative to
results shown in Tables 3—7. » Rms deviation from observed
potentials at the optimum A.°Rms determined with the
potential of native AvFdl set to —650 mV.

mV. In comparison to the experimental difference
of 295 mV, agreement is substantially improved.

Fe;S4Cys, Proteins. For the 1—/2— couple of the
four HiPIPs, the changes in Av due to MD are very
similar and ~—9 kcal. The range of Av values is thus
essentially unaltered and is now 99 to 108 kcal.
Consequently, the range of predicted potentials is
also very similar: 371 mV as compared to 384 mV.
The agreement with the experimental range, 240 mV,
is not changed. The predicted redox potential order
is still Eh < Ev < Cv < Rt.

For the 2—/3— couple of the five low-potential
ferredoxins, the changes in Av due to MD are in the
range —7 to +4 kcal; the largest is for AvFdl (—7).
The range of Av values is now 199 to 207 kcal, very
little different from the 196—206 kcal range before
MD. The range of predicted redox potentials is
changed to 324 mV from 445 mV, to be compared to
the experimental range of 370 mV. The predicted
redox potential order is now PaFd(ll) < AvFdl <
DaFdl < CaFd(l) < CaFd(ll) < PaFd(l) < BtFd
compared to the experimental order AvFdl < PaFd-
(1,11 < CaFd(l,11) < DaFdl < BtFd. The predicted
order is in substantially improved agreement with
experiment.

The predicted variations in potential of the 1—/2—
couple for CvHiPIP, AvFdl, and BtFd and of the 2—/
3— couple for AvFdl, CvHIiPIP, and EVHIiPIP are
modified by MD. However, the conclusion that for
each couple, the potentials of the low-potential ferre-
doxins are enormously higher than those of the
HiPIPs are unaffected.

An overview of the accuracy of the PDLD and MD-
PDLD calculations in reproducing variations in ex-
perimental redox potentials is provided by Table 10
and Figure 12. For each set of proteins we have
varied the intrinsic redox free energy to yield a
minimum RMS deviation of calculated and experi-
mental redox potentials. The RMS deviations so
obtained are listed in Table 10. The corresponding
calculated redox potentials are compared to experi-
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Figure 12. Comparison of calculated redox potentials to
the observed. Minimum RMS best fit between calculated
and observed redox potentials are shown for: FeCys, (s);
FesS,Cys, (®); FesSsCyss (¥); FesSaCysst~2 (A); FeySs-
Cyss2 3~ (H). The open symbols represent the redox
potentials obtained from PDLD calculations and the closed
symbols represent those obtained from MD-PDLD calcula-

tions. The diagonal line shows ideal agreement.

mental redox potentials in Figure 12. The RMS
deviations are in the range 35 to 136 mV for the
PDLD calculations and in the range of 8 to 40 mV
for the MD-PDLD calculations. The MD-PDLD
calculations are superior to the PDLD calculations
for every category of protein. This improvement is
clearly demonstrated in Figure 12.

IV. Mutants

Many mutant [Fe-S] proteins have by now been
obtained via site-directed mutagenesis and studied.
To date, structures have been only reported for
mutants of AvFdl. Table 2 lists those AvFdl mutants
whose structures have been determined, together
with their PDB file names. All structures were
obtained via X-ray crystallography; Table 2 lists the
resolutions of the diffraction data. Redox potentials
have in all cases been measured and, for the 2—/3—
Fe,S4Cys, cluster, are also listed in Table 2.11!

For all but two of the AvFdl mutants the ligations
of the two clusters are unchanged from the native
protein. In two mutants: C20A and C20S, C24
replaces C20 as the fourth Cys ligand of the
Fe,S4Cys, cluster.

The results of PDLD and MD-PDLD calculations
on five mutants of AvFdl for the 2—/3— couple of the
Fe,S4Cys, cluster are given in Table 11 and Figure
13. The PDLD calculations predict an ordering of
potentials: C20S < C20A < F251 < native < C24A
< F2Y compared to the experimental ordering C20A
< C20S < F251 < native ~ F2Y < C24A. The
calculated and experimental ranges are 194 and 150
mV, respectively. The MD-PDLD calculations pre-
dict an ordering of C20A < C20S < F25I < native <
F2Y < C24A with a range of 297 mV. The ordering
and range are in better and worse agreement with
experiment, respectively.
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Table 11. Mutants of AvFdl

Stephens et al.

AvFdI F2Y C20A

C20S C24A F251

PDLD M™MD-PDLD PDLD MD-PDLD PDLD MD-PDLD PDLD MD-PDLD PDLD MD-PDLD PDLD MD-PDLD

Avgy 90.82 85.97 94.03 88.99 86.83 78.02
Avgq 26.17 27.48 25.63 26.69 30.36 32.78
Av 56.46 53.79 55.29 52.34 53.65 51.9

Avg 32.98 32.23 32.92 32.26 32.75 31.73
Av 206.43 199.47 207.87 200.27 203.59 194.43

AAv 0 0 1.44 0.8 —2.84 —5.04
€calc® —650 —650 —588 —615 —773 —869
€obs —650 —650 —750

@ Native AvFdl is chosen as the reference protein.

83.76 79.46 89.06 88.61 92.26 86.44

32.42 32.1 27.05 26.71 24.18 25.66
55.11 53.15 57.83 53.49 56.2 54.9
32.09 32.21 33.05 32.46 33.1 31.99
203.38 196.91 206.99 201.27 205.74 198.98
—3.05 —2.56 0.56 1.8 —0.69 —0.49
—782 —761 —626 —572 —680 —671
—690 —600 —670

MD-PDLD

200

— —
Do [o2]
(=] (=]

Energy (kcals)
®
=)

Energy (kcals)

OAdeI F2Y C20A C20S C24A F251

Figure 13. PDLD calculations for site directed mutants
of AvFdl. Components of Av are calculated with (MD-
PDLD) and without (PDLD) molecular dynamics averaging.

RMS deviations of calculated and experimental
variations in potential are given in Table 10. On
average, the MD-PDLD calculations are more ac-
curate.

V. Charged Residues

In the PDLD calculations described above the total
charge of the protein is equal to the charge on the
[Fe-S] cluster. All acidic and basic residues are in
their uncharged form. In practice, all [Fe-S] proteins
contain residues which are charged at the pH values
where redox potentials are measured. (Typically,
acidic residues preponderate in [Fe-S] proteins.) In
neglecting the charges of such residues, our PDLD
calculations are incomplete.

The accurate calculation of the effects of charging
residues on [Fe-S] redox potentials is difficult. Pro-
tonation or deprotonation of a residue is accompanied
by deprotonation or protonation of the protein or
solvent (which is, of course, always buffered) and the

Table 12. Number of lonizable Residues and Total
Charges of [Fe-S] Proteins

ionizable residues

cluster total?

type protein charge Asp Glu His Lys Arg
FeCys, CpRd -12 10 6 0 4 0
DdRd -5 6 2 1 2 0

DgRd -6 8 3 0 5 0

DvRd -6 6 4 0 4 0

PfRd -8 7 6 O 5 0

Fe,S,Cys, AnhetFd -9 8 10 2 5 2
AnvegFd -14 11 10 2 4 1

AsFdl —14 12 8 1 4 1

EaFdl —14 7 13 1 4 1

SpFd —16 12 8 1 2 1

FesS4Cyss AvFdl -16 11 14 2 6 1
DgFdll —15 8 9 0 1 1

FesS4Cysst~2~ CvHIiPIP -1 5 4 1 5 2
EhHIiPIP -7 7 8 4 1 3

EVHIPIP -4 5 5 2 1 3

RtHiPIP 5 3 0 0 7 1

FesS4Cyss>~3~ AvFdlI -16 11 14 2 6 1
BtFd -17 15 6 O 4 0

CaFd® -8 6 3 0 0 1

DaFdl —13 6 12 1 3 1

PaFd -7 5 3 0 1 0

aAll Asp and Glu are 1—, all His, Lys and Arg are 1+.
b Based on the sequence in ref 57.

effects of the latter are equally important and must
be included simultaneously. This is not easy to model
microscopically. Accordingly, at the present time we
elect to treat the contributions of the charges of
charged residues macroscopically. That is, the in-
teraction of the charge of a residue with cluster
charges is modulated by a dielectric constant.

In Tables 3—7 we give estimates of the contribu-
tions of the charges of charged residues to the redox
free energy for the [Fe-S] proteins discussed above.
The numbers of residues which can be charged in
each protein are listed in Table 12. The contributions
are labeled Avgg and are obtained as follows. All
residues which can be charged in a given protein are
protonated or deprotonated, as appropriate, and the
net (+) and (—) charges resulting distributed over the
basic or acidic groups. Awvqg is the resulting change
in Avg,, divided by the dielectric constant, . In
Tables 3—7 we use ¢ = 80.

The values of Avgg are almost always negative
(CvHIPIP and RtHIPIP are the only exceptions) as
expected for proteins in which acidic residues gener-
ally predominate. Magnitudes lie in the range 0—5
kcal. Variations in Avgg with protein yield contribu-
tions to redox potential differences which are almost
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Table 13. Change in Potential Due to Change in
Charged Residues in Mutants of AvFdlI

native® D23N H35D E38S E46A

Avog —474  —427  —544 —436 —4.34
AAvgo 0 0.47 -0.7 0.38 0.4
Aécalc 0 20 —-30 16 17
Aéobs 0 0 0 0

@ Reference protein.

always in the range 0—100 mV. Thus, these calcula-
tions lead to the general conclusion that the charges
of charged residues can contribute to variations in
redox potential on the tens of millivolt scale, but are
unlikely to be responsible for variations on the
hundreds of millivolt scale.

Experimental studies of a number of mutants of
AvFdl in which the number of charged residues is
changed permit the simple methodology adopted
above to be tested. The X-ray structures and Fe,S,-
Cys, redox potentials of the D23N, H35D, E38S, and
E46A mutants have been determined (Table 2).
Residues 23, 35, 38, and 46 are all surface residues
in the neighborhood of the Fe,S,Cys, cluster. In
these mutant proteins, the redox potentials of the
Fe;S4Cys, clusters were in every case identical to that
in the native protein (under the same experimental
conditions, of course). That is, none of these muta-
tions produced a detectable shift in redox potential.
Values of Avgg for the four mutant proteins are given
in Table 13. With ¢ = 80, changes of 20, —30, 16,
and 17 mV are predicted for D23N, H35D, E38S, and
E45A, respectively. These predicted changes are
much larger than the experimental changes, 0 mV.
It follows that for these specific charged residues, the
appropriate value of € is much larger than 80.

If € is much larger than 80 for all charged residues
in [Fe-S] proteins, the Avgg values given in Tables
3—7 are substantially too large and the contributions
of charged residues to variations in potential are even
less important than was indicated. Alternatively, it
is possible that the assumption of a single dielectric
constant for all residues is incorrect and that the
protein should be treated as an inhomogeneous
dielectric, when the contributions of charged residues
at different locations in the protein require different
dielectric constants. This idea is not new.*

At this time, it is reasonable to conclude that large
variations (hundreds of millivolt) in potential be-
tween proteins are very unlikely to originate pre-
dominantly in differences in the contributions of
ionized residues. Small contributions are probable
but simple macroscopic electrostatic calculations
using a single, uniform dielectric constant are insuf-
ficiently reliable to provide reliable predictions of
their magnitude.

VI. Predictions

We have carried out calculations for two proteins
whose structures have been determined but for which
redox potentials are not available: AsFdl and
EcEnllII.

AsFdl is a typical algal Fe,S,Cys, ferredoxin. Its
structure is quite similar to those of AnHetFd,
AnvegFd, EaFdl, and SpFd.®*2° Its redox potential
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does not appear to have been reported. The results
of MD-PDLD calculations are given in Table 4 and
Figure 3. The potential of AsFdl is predicted to be
equal to AnhetFd, and greater than AnvegFd, EaFdl,
and SpFd. Our calculations confirm the intuitive
expectation that the potential of AsFdl will be typical
of plant and algal ferredoxins i.e. ~ —350 to —450
mV.82

EcEnlll, by contrast, is a unique protein. Its Fe,Sy-
Cys, cluster is ligated by the unprecedented Cys-Xe-
Cys-X»-Cys-Xs-Cys sequence.’? As isolated, its cluster
is in the 2— state.'?> Neither reversible oxidation nor
reduction have been unambiguously observed. Re-
duction to the 3— state at very low potential was
reported by Cunningham et al.;''* more recently,
however, Fu et al.1%* have attributed the previously
observed 3— EPR to O,-damaged protein. Oxidation
with Fe(CN)e®~ has been reported to lead to formation
of a Fe3S4Cys; cluster.!' The folding of the polypep-
tide of EcEnlII around its Fe,;S,Cys, cluster is quite
different from that in any other [Fe-S] protein. In
particular, it bears no obvious resemblance to either
the HiPIPs or the low-potential ferredoxins. The
redox potentials of its cluster can therefore not be
anticipated by analogy. In this situation, molecular
modeling is clearly a useful guide. The results of
MD-PDLD calculations on EcEnllII for the 1—/2— and
2—/3— couples of the Fes;S,Cys, cluster are given in
Tables 8 and 9, respectively, and in Figure 7. The
potential of the 1—/2— couple is predicted to be
comparable to that of CvHiPIP; the potential of the
2—/3— couple is predicted to be > 1000 mV lower
than that of AvFdl. Thus, our calculations firmly
place EcEnlll with the HiPIPs and suggest that (i)
under suitable conditions, its 1—/2— couple may be
observable while (ii) its 2—/3— couple is likely to be
inaccessible. Experiments are underway to evaluate
these conclusions.

VII. Prior Literature

A variety of factors have been proposed to contrib-
ute to variations in the redox potentials of [Fe-S]
clusters with protein environment, including (i)
hydrogen bonding, (ii) solvent accessibility, and (iii)
charges on acidic and basic residues.

Hydrogen Bonding. Following the solution of
the X-ray structures of PaFd and CvHIiPIP in the
early 1970s%” it was proposed that the differences in
the redox potentials of the 1—/2— and 2—/3— couples
of their structurally indistinguishable Fe;S,Cys,
clusters resulting in the former couple being ex-
pressed in CvHIPIP and the latter in PaFd could be
attributed principally to the differences in protein—
cluster hydrogen (H)-bonding.*'® In each cluster of
PaFd, eight amide N—H-to-cluster S (S* or Cys Sy)
H-bonds were identified on the basis of N-:-S dis-
tances. In the case of CvHIPIP, five such H-bonds
were found. N—H---S H-bonding would be expected
to increase with increasing cluster negative charge.
Increased H-bonding would therefore be expected to
raise both 1—/2— and 2—/3— redox potentials. It was
postulated that the greater H-bonding in PaFd
compared to CvHiPIP makes accessible the 2—/3—
couple, but not the 1—/2— couple, in the former and
vice versa in the latter.
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Table 14. N—H-:-S H-Bond Contributions to Avg,
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CpRd AnhetFd AVFdl Fe3S,Cyss CvHIPIP AVFdI FesS4Cys,
res* N-SP Avg res N—S Avg, res N-S Avg, res N-S Avg, res N-=S Avg,
8 3.67 3.62 43 3.8 6.62 139 3.59 396 48 368 231 2 34 3.58
9 367 542 44 3.64 574 14 315 465 65 352 363 22¢ 3.64 3.94
11 347 6.1 45 3.39 442 159 3.48 185 77 3.66 122 24 357 3.73
41  3.58 438 48 3.39 382 16 343 477 79 347 286 40 3.46 3.58
42 361 6.02 79 3.58 574 32¢ 3.56 375 81 368 314 41 33 3.44
44  3.84 5.54 51 337 419 43 3.22 3.3
53 3.3 4.41 44 3.42 3.69
458 3.7 4.41
Avg, of NH groups 31.08 26.34 27.58 13.16 29.67
total Avg, 70.36 114.07 96.79 35.84 90.82
% in H-bonds 44 23 28 37 33

a Residue containing the H-bonding N-H group. P Distance from N to the closest cluster S (A). ¢ Energy (kcal) contributed to
Avg, by the NH group. @ Defined as N—H---S H-bonds by Merritt et al. (ref 44) but not by Stout (ref 45). ¢ Defined as N—H---S
H-bonds by Backes et al. (ref 60), but not by Merritt et al. (ref 44) and Stout (ref 45).

Subsequent X-ray structural data have not sup-
ported the hypothesis of a simple, general relation-
ship between cluster—protein H-bonding and redox
potential. In the case of the rubredoxins, Cp, Dd, Dg,
Dv, and Pf, there is great similarity between the
FeCys, environments; in particular, six H-bonds are
conserved.?87%2 The redox potentials of these proteins
vary very little. In contrast, in the case of the HiPIPs
of Cv, Eh, Ev, and Rt there is also great similarity
in the Fe,S,Cys, cluster environments; in particular,
five H-bonds are conserved.*°~>® However, their
redox potentials vary by more than 200 mV. Like-
wise, in the case of the low-potential ferredoxins of
Av, Bt, Ca, Da, and Pa, there is great similarity in
the cluster environments; in particular, eight H-
bonds are conserved.*44556-60 However, their redox
potentials vary by nearly 400 mV. The situation is
less simple in the case of the Fe,S,Cys, and Fe3S,-
Cyss ferredoxins. In the former, there is considerable
similarity in the environments of the Fe,S,Cys,
clusters in Anhet, Anveg, Ea, and Sp ferredoxins,
and, in particular, in their H-bonding.3536:383% How-
ever, the reported H-bonding does vary, both with
respect to the number of H-bonds and their hetero-
geneity (in some proteins, but not others, O—H-:-S
H-bonds also being reported). The redox potentials
vary less than 100 mV. In the case of the Fe3S,Cys;
clusters of AvFdl and DgFdll, four*® or seven* and
eight*” H-bonds were reported respectively. Their
redox potentials differ by ~300 mV.

In sum: at this time, there is clearly not a simple
correlation between H-bonding and redox potential.
The identification of cluster—protein H-bonds de-
pends of course on (i) the criteria (e.g. N---S distance)
used to identify H-bonds and (ii) the accuracy of the
structural coordinates. Different crystallographers
have used different criteria: the relative numbers of
H-bonds reported can change significantly if the
criteria are changed. (For example, the different
numbers of H-bonds reported for the AvFdl and
DgFdll Fe3S,Cys; clusters*#547 in part reflect dif-
ferent N---S distance criteria.) In addition, some
structures are less accurate than others and changes
can be expected with further refinement. Neverthe-
less, it is extremely unlikely that future comparisons
of H-bonding will cause a simple correlation with
redox potential to emerge.

It is possible that H-bonding is a major factor, but
that variations in other factors must be included to
obtain the experimentally observed variation in redox
potential. Alternatively, it is possible that H-bonding
is not a major factor. The PDLD calculations pre-
sented above make clear the necessity of including
all major contributions to redox potential variations
and so the former position cannot be immediately
eliminated. However, at the same time our calcula-
tions do lead to the conclusion that H-bonding is not
a dominant factor. The PDLD calculations model the
interactions of H-bonding X—H groups with clusters
via the contributions of these groups to vg,. That s,
H-bonding is modeled electrostatically. The magni-
tudes of the contributions to Avg, of N—H groups
identified as H-bonding in a selection of proteins are
listed in Table 14, together with the total Avg,,
values. It is clear that the H-bonding contributions
are less than 50% of the total Avg,. This is to be
expected; (i) many more amide groups contribute
significantly to Avg, than are located within H-
bonding distances; and (ii) the contributions of the
C=0 amide moiety are comparable to those of the
N—H moiety, but are omitted when only H-bonding
interactions are included. It is clear that to focus
exclusively on H-bonding N—H groups is to ignore
the majority of the electrostatic interaction of the
cluster with the protein.

Obviously, a purely electrostatic model of H-bond-
ing is inexact and our modeling of cluster—protein
H-bonding can be improved. However, it is extremely
unlikely that a more sophisticated treatment of
H-bonding will significantly change our general
conclusion.

Solvent Accessibility. The redox potentials of
proteins in solution are dependent on the nature of
the solvent. Further, for proteins in a given solvent—
for example, water—redox potentials must depend on
the proximity of the redox active prosthetic group and
solvent. This in turn is a function of (i) the size of
the protein, (ii) the location of the prosthetic group
within the protein, and (iii) the extent to which
solvent molecules are intercalated within the protein.

Many authors have recognized the importance of
the solvent in determining the redox potentials of
[Fe-S] proteins. The term “solvent accessibility” is
frequently used, and redox potentials are expected
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to become increasingly positive with increasing sol-
vent accessibility. Thus, for example, clusters very
near the surface of a protein exhibit higher solvent
accessibility than those buried in the interior and the
redox potentials of the former should be elevated
accordingly. In the smaller [Fe-S] proteins, clusters
are in all cases close to the protein surface with the
exception of the Fe;S,Cys, clusters of the HiPIPs,
which are more centrally located within the proteins.
It has been proposed that lower solvent accessibility
of HiPIP clusters compared to those of low-potential
ferredoxins contributes to the lower potentials (for a
given redox couple) of the HiPIPs.

In the case of groups of proteins of similar size and
structure, the relative solvent accessibilities of clus-
ters in different proteins is much harder to evaluate.
When X-ray structures are available there are two
approaches commonly adopted. First, the proximity
of a cluster to the protein surface can be quantitated
by such procedures as rolling a sphere along the
surface to find the position of closest approach.
Second, the solvent model generated during X-ray
structure refinement can be analyzed. In general,
physically meaningful solvent models require fairly
high resolution X-ray data. In the case of the [Fe-S]
proteins, most attention has been paid to the solvent
models of the rubredoxins as a result of the relatively
high resolutions of their diffraction data. Overall, the
quality of the solvent models varies widely.

To date, there is no pair (or set) of proteins
containing the same cluster and exhibiting the same
redox couple whose redox potential differences can
be clearly correlated with an objective measure of
solvent accessibility. Probably the most careful
examination of this topic is the comparison of AvFdl
and PaFd by Merritt et al.** Since the Fe;S,Cys,
clusters of these proteins possess very similar protein
environments—including homologous H-bonding—it
has been hypothesized that the 230 mV redox poten-
tial difference originates in greater solvent acces-
sibility of the clusters of PaFd.®® Unfortunately,
careful comparison of the AvFdl and PaFd structures
could not find evidence supporting this hypothesis.

Our PDLD calculations confirm the importance of
the solvent in modulating [Fe-S] protein redox po-
tentials. The Av_ terms are substantial and gener-
ally comparable in magnitude to Avg, and Avg,. The
variations in Av_ contribute importantly to the net
variations in Av. In addition, our calculations permit
the interrelationship of the solvent contribution and
the protein structure to be analyzed. A number of
general conclusions are clear. First, the magnitude
of Av decreases with increasing protein size—simply
due to the decreasing space accessible to solvent.
However, this does not automatically lead to decreas-
ing redox potentials because the decrease in Av_ is
compensated by the increasing magnitude of Avg,
and Avg.. There is therefore not a simple connection
between protein size and redox potential. Second,
the magnitude of Av_ is a function of the charge
distribution of the protein as well as of its spatial
distribution; all other things being equal, increases
in Avg, generally lead to decreases in Av,.. Thirdly,
local solvent environments do not generally dominate
the variations in Av.. That is, in general the differ-
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ences in Av_ between two proteins is not well-
represented by the differences in contributions of
solvent close to the cluster (e.g. within 10 A).
Fourthly, intercalated water can contribute signifi-
cantly to Av,.°

The solvent model adopted in PDLD calculations
is microscopic, but not atomic. The former permits
the contributions of intercalated water to be modeled,
in contrast to macroscopic continuum dielectric mod-
els. However, the latter inhibits detailed comparison
of the solvent model with those obtained via X-ray
crystallography. Clearly, future calculations should
increasingly incorporate atomistic—and, therefore,
more realistic—treatments of the solvent, permitting
such comparison to take place. At the same time,
X-ray structures can be expected to be refined to
higher resolutions providing increasingly reliable
solvent models. Ultimately, solvent models used in
calculations of redox potentials must be consistent
with the average solvent structure obtained from
X-ray crystallography.

Charged Residues. Variations in the number of
charged residues have frequently been invoked to
rationalize variations in redox potentials among
[Fe-S] proteins. For example, the more negative
charges of the Eh- and EVHIiPIPs relative to CvHiPIP
(see Table 12) have been correlated with their
substantially lower redox potentials.5>52 However,
when a larger number of proteins are examined, such
correlations are not sustained. For the proteins listed
in Table 12, the total charges vary by 7, 7, 1, 12, and
10 for the FeCys,, Fe,S,Cysy, FesS,Cyss, FesS4Cys,
(1—/2-), and Fe4S,Cys, (2—/3—) proteins respectively;
the variations in redox potential are 65, 60, 295, 240,
and 270 mV. For a given [Fe-S] cluster and redox
couple, the experimental potentials do not vary
monotonically with the protein charges. The lack of
correlation is not surprising. The contribution of a
specific charged residue must vary inversely with its
distance from the cluster and a simple counting of
charges without consideration of their locations is
obviously unphysical.

Variations in redox potential with pH originate in
changes in the charges of residues which can be
protonated or deprotonated. For example, the po-
tential of CvHiPIP increases by ~35 mV from pH 7
to pH 4 due to protonation of its one histidine residue.
Heering et al. use this change in potential together
with a distance from the Fe;S,Cys, cluster of 8.5 A
to deduce a dielectric constant of 48 for the interac-
tion of the charged His with the cluster.®® In con-
trast, in EVHIPIP, which possesses two histidines, the
potential is pH independent over the range 4—11,%
indicating a very much larger dielectric constant. The
histidines of CvHiPIP and EvHIiPIP are in different
locations relative to the cluster and to the protein
surface. These results support the expectation that
charged residues at different distances from an
[Fe-S] cluster and in different environments require
different dielectric constants to predict their contri-
butions to redox potentials. However, even for his-
tidines the generality of this conclusion is unclear.
Histidines are relatively uncommon in [Fe-S] proteins
and [Fe-S] proteins are generally difficult to study
at acidic pH. As a result, there is a paucity of
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experimental data. In addition, not all experimental
data are consistent. Different studies of the pH
dependence of the redox potentials of HiPIPs have
obtained significantly different results.%113

It is clear that the charges of charged residues can
contribute significantly to [Fe-S] cluster redox po-
tentials. The problem is to predict the magnitude of
the effect. There is a need for a much larger quantity
of experimental data on the changes of potential
caused by changes in residue charge resulting from
either change in pH or change in amino acid side
chain (chemical modification or mutagenesis).

VIll. Discussion

The theory of the redox potentials of metallopro-
teins is a branch of the general theory of the
thermodynamics of ionic solutions. In the case of
very simple ionic solutions, theoretical understanding
is well advanced. In the case of solutions of complex
macromolecules, such as proteins, theory is (not
surprisingly) much less developed. The purpose of
the studies reviewed here is to apply state-of-the-art
theory to a class of proteins—specifically, [Fe-S]
proteins—and to evaluate the extent to which it
permits their redox potentials to be successfully
predicted. To the extent that theory accounts for the
observed variations in redox potential, it affords a
reliable basis for interpreting their origins. To the
extent that theory fails, our results provide a stimu-
lus to develop improved theoretical methodologies.

The most important conclusion of our work is that
in modeling the variations of redox potential with
protein environment it is essential to include the
Coulombic interaction of the charged cluster with the
entire protein, to allow for the polarizability of the
protein, and to include the interaction of both the
cluster and the protein with the aqueous solvent
bath. If any one of these phenomena is omitted, the
results will be wildly inaccurate. Our model is the
first to simultaneously and quantitatively include all
three phenomena in discussing the redox potentials
of [Fe-S] proteins.

How good is the current model? At the present
stage of testing, the average accuracy of predicted
redox potential variations appears to be better than
50 mV (Table 10). However, this result is quite
tentative, since it is based on extremely limited
statistics. The numbers of proteins containing a
specific cluster type whose structures are known is
very small. Further, the heterogeneity of protein
structures varies widely. In the case of the rubre-
doxins, the Fe,S,Cys, ferredoxins and the HiPIPs the
proteins selected for study vary (in size, sequence,
homology) much less than in the case of the low
potential Fe,;S,Cys, ferredoxins. A much wider di-
versity of structures, as well as a much larger
absolute number, will be needed to reliably define the
accuracy of our model.

To some extent, errors in our predictions are likely
to reflect deficiencies in the structures available. The
resolutions of the X-ray structures we have used vary
widely—from 1.0 to 2.5 A—and it is likely that the
poorer resolution structures will change significantly
if further studied at higher resolution. Clearly, the
continually increasing resolution of protein crystal
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structures will greatly benefit future studies of
structure—redox potential relationships. However,
even when accurate X-ray structures are available,
there is always the possibility that the crystal and
solution structures differ. Where possible, it is
clearly important to compare the results obtained
from X-ray crystal and NMR solution structures. To
date, few NMR structures of [Fe-S] proteins have
been determined (see Table 2). Undoubtedly, this
will change in the relatively near future.

Errors in predicted redox potential variations also
reflect the limitations of the model. The most serious
deficiencies of the PDLD model are associated with
the simplified treatment of the aqueous solvent and
of charged residues. The advantage of the Langevin
dipole model is that it not only incorporates bulk
water but also intercalated water, i.e. water inside
the protein. Its disadvantage is that it does not do
this at the atomic level, i.e. it does not use real water
molecules. Some of the errors in predicted redox
potentials probably originate in inaccurate modeling
of intercalated water. This is remediable. The
incorporation of atomic water, at least for interca-
lated water and for surface water layers, is practi-
cable at this time. Future studies will improve the
model in this manner. The treatment of charged
residues can also be improved. First, the pK, and
hence the charge, of each residue at a given pH can
be more accurately predicted. Second, the extra
contribution of the charge on the charged residue can
be calculated more accurately. In the calculations
reported here, a uniform macroscopic dielectric con-
stant has been used in scaling the Coulombic interac-
tion of charged residues with the cluster. This
approximation can be improved either by using
variable dielectric constants or, better, by calculating
the interaction microscopically, i.e. without a mac-
roscopic dielectric constant.

It is also important to improve the MD averaging
of PDLD calculations. We have shown that MD
averaging substantially improves the accuracy of
PDLD calculations. MD is a reflection of the force
field employed. We can expect that improvements
in the force field will lead to more accurate predic-
tions of redox potentials.

What are the implications of our results for bio-
chemistry? First, it is clear that proteins can tune
the potential of a given redox couple of a given cluster
over a very wide range—thousands, not just tens or
hundreds of millivolts. The interaction energies of
clusters with their environments are on the order of
100 kcal; 1000 mV variations require only 23 kcal
variations in energy. Our calculations show that
variations of this magnitude are easily accomplished.
For the proteins we have studied the most dramatic
variations occur for the Fe;S,Cyss proteins where
changes of nearly 100 kcal occur between HiPIPs and
low-potential ferredoxins. The variations for other
clusters are smaller. However, this simply reflects
the more limited diversity of protein environments
sampled by those proteins of known structure. Itcan
be confidently predicted that FeCys,, Fe,S,Cys,, and
FesS,Cyss proteins whose redox potentials span
ranges of 1000 mV and more can be constructed.
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Whether variations of this magnitude occur in Na-
ture or will only be expressed in unnatural, synthetic
proteins remains to be established, of course. It is
possible that for physiological, rather than chemical,
reasons only more limited ranges are biologically
useful. However, at this time it is reasonable to
expect that as new and increasingly diverse [Fe-S]
proteins are discovered, the ranges of known redox
potentials will grow dramatically.

A further, corollary conclusion is that when a new
protein is identified with an unconventional redox
potential, it should not be automatically assumed
that the unusual potential reflects a change in cluster
ligation. In the case of Fe,S,Cys, proteins, it has
been known for many years that “Rieske proteins”
contain Fe-S clusters very similar in many ways to
Fe,S,Cys, clusters but with much higher redox
potentials than found in typical Fe;S,Cys, proteins.t—3
It has been generally assumed that this redox
potential shift reflects a replacement of one or more
Cys ligands by alternative ligands and there is
considerable spectroscopic evidence by now that this
is indeed the case.’'* We simply note here that, in
future cases of unusual redox potentials, the invoca-
tion of heterogeneous ligation should not be auto-
matic and the simpler alternative of a structurally
diverse cluster environment should be seriously
entertained.

Next, we have shown that a major determinant of
the variations in redox potential with protein is the
Coulombic interaction of the cluster with the protein,
vou. Not only does vq, contribute directly to Av, but
its magnitude also affects Avg, and Av and therefore
indirectly contributes to Av, too. Further, we have
shown that the major fraction of Avg, is the interac-
tion with the backbone amide groups. Thus, a second
important, qualitative result is that the folding of the
polypeptide around the cluster is a major factor in
determining its redox potential. For a given polypep-
tide main-chain conformation the nature of its side-
chain group is of secondary importance. It follows
that the protein sequence determines cluster redox
potential primarily by controlling protein folding.
Sequence changes which create large changes in
polypeptide conformation can lead to large changes
in redox potential; sequence changes which have little
impact on protein conformation can be expected to
cause only minor variations in redox potential.

Since Coulombic interactions decrease with in-
creasing distance, conformational changes far from
the cluster will cause smaller changes in redox
potential than those in the immediate vicinity. How-
ever, it is important to stress that Coulombic interac-
tions are long range (I/r) and do not diminish rapidly
with distance. Thus, it is not the case that confor-
mational changes very close to the cluster overwhelm-
ingly dominate changes in vg,. This conclusion is in
sharp contrast to the hypothesis that H-bonding—an
extremely short range interaction—is a predominant
factor in controlling cluster redox potentials.

The determination of the structure of a protein and,
specifically, its backbone amide conformation, does
not immediately define its redox potential; this
requires calculations. We can expect, qualitatively,
that the more amide groups in the environment of
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the cluster are oriented favorably for Coulombic
interaction, the higher the potential and vice versa.
At the same time, we have also shown that variations
in redox potentials result from a complex interplay
of factors and that there is not a simple relationship
with any single variable. Understanding redox po-
tential variations becomes increasingly complex as
the variations decrease in size. Thus, it is much more
difficult to predict—and, hence, understand—the <100
mV variations in potential among the rubredoxins
than the huge (>1000 mV) variations between the
HiPIPs and low-potential ferredoxins. Two things
are absolutely essential for meaningful discussion of
redox potential variations: atomic resolution, 3D
structures, and quantitative calculations. Up till now
biochemists have been obliged to attempt the inter-
pretation of redox potential variations with very
limited knowledge of structural variations and with-
out the possibility of quantitative modeling. The
increasing efficiency of protein structure determina-
tion, together with computational models of the
sophistication of that described here, will permit
much more reliable discussions to be undertaken in
the future.

While Nature still supplies the vast majority of the
[Fe-S] proteins available to biochemists, the engi-
neering of unnatural [Fe-S] proteins—either via mu-
tagenesis or by direct chemical synthesis—is being
increasingly reported. In part, the motivation of such
work is to understand natural proteins. In part, it
is to create new proteins with new functionalities.
The study of the structures and redox potentials of
purposefully designed proteins will undoubtedly play
an increasingly important role in further refining our
understanding of the structure—redox potential re-
lationship. Small proteins are more easily chemically
synthesized and structurally characterized and are
likely to be the predominant focus. Sequences of ~50
amino acids are already known to support FeCys,,
FesS,Cyss, and Fe,S,Cys, clusters. It is very likely
that a much more diverse range of both clusters and
cluster environments than currently known will
result from protein engineering. The payoff for the
understanding of structure—property relationships in
general and of redox potentials in particular should
be enormous.
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