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The Molecular Determinants of the Increased Reduction Potential
of the Rubredoxin Domain of Rubrerythrin Relative to Rubredoxin
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ABSTRACT Based on the crystal structures, three possible sequence determinants have been suggested as the cause of
a 285 mV increase in reduction potential of the rubredoxin domain of rubrerythrin over rubredoxin by modulating the polar envi-
ronment around the redox site. Here, electrostatic calculations of crystal structures of rubredoxin and rubrerythrin and molecular
dynamics simulations of rubredoxin wild-type and mutants are used to elucidate the contributions to the increased reduction
potential. Asn'®® and His'”® in rubrerythrin versus valines in rubredoxins are predicted to be the major contributors, as the polar
side chains contribute significantly to the electrostatic potential in the redox site region. The mutant simulations show both side
chains rotating on a nanosecond timescale between two conformations with different electrostatic contributions. Reduction also
causes a change in the reduction energy that is consistent with a linear response due to the interesting mechanism of shifting the
relative populations of the two conformations. In addition to this, a simulation of a triple mutant indicates the side-chain rotations
are approximately anticorrelated so whereas one is in the high potential conformation, the other is in the low potential conforma-
tion. However, Ala'® in rubrerythrin versus a leucine in rubredoxin is not predicted to be a large contributor, because the solvent
accessibility increases only slightly in mutant simulations and because it is buried in the interface of the rubrerythrin homodimer.

INTRODUCTION

The reduction potentials of electron transfer proteins deter-
mine the driving force of the electron transfer reactions in
which they are involved. Iron-sulfur proteins are ubiquitous
electron transfer proteins containing Fe-S sites with one to
eight iron atoms (1-3). Homologous Fe-S proteins can
have very different reduction potentials that span a few
hundred millivolts even though the structures of the redox
sites are highly similar (4,5). The simplest Fe-S site contains
a single iron atom tetrahedrally coordinated by four cysteinyl
thiolates, which can be referred to as a [1Fe-0S] or [1Fe]
cluster. The [1Fe] cluster is found in rubredoxin, a small
(M, = 6000) electron transfer protein in bacteria and archaea
(5). In addition, it is found in rubrerythrin, which was first
isolated from the sulfate reducing bacteria Desulfovibrio vul-
garis (6), and is thought to be involved in the reduction of
hydrogen peroxide in anaerobic bacteria (7-9). Rubrerythrin
has an N-terminal ferritin domain with an oxo-bridged diiron
metal center and a C-terminal rubredoxin domain (Fig. 1)
with a single [1Fe] center (10). However, the [1Fe] center
in the rubredoxin domain of D. vulgaris rubrerythrin has a
reduction potential of 230 + 10 mV (6), compared to a range
of —100 to +60 mV for the rubredoxins (11). Finding the
molecular determinants of this large increase in reduction
potential is important in understanding how metalloproteins
tune their reduction potentials.
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Structural analysis have pointed to three possible determi-
nants in D. vulgaris rubrerythrin (DvRr) of the greatly
increased reduction potential relative to Clostridium pasteur-
ianum rubredoxin (CpRd) and four other rubredoxins (10).
Two are the polar residues Asn'® and His179, which are
equivalent to Val® and Val** in CpRd. The placement of
two polar groups near the iron center could greatly increase
the reduction potential of a redox site if they are oriented
around the metal center to stabilize the reduced form of the
clusters. Furthermore, residue 44 has been identified as a
sequence determinant of the reduction potential in rubredox-
ins, so a larger nonpolar Val side chain at residue 44 results
in lower reduction potentials by ~50 mV relative to a smaller
Ala side chain because of a backbone shift (12—14). The third
possible determinant is Ala'’®, which is equivalent to Leu*!
in CpRd, where it acts as a water gate (15—-17). The smaller
Ala might increase the reduction potential by exposing the
redox site more to solvent, which would increase the reduc-
tion potential.

Computational studies of reduction potentials of Fe-S
proteins have generally focused on the overall reduction
potentials (18-21). However, many experimental site-
specific mutational studies have obtained results contrary
to simple physical chemical arguments (22-24) due to a
multitude of possible changes at a molecular level, and so
computational studies can play an important role in identi-
fying sequence determinants. For instance, our studies of
residue 44 in the rubredoxins (12—-14) showed an indirect
effect of nonpolar residues on the reduction potential by
causing a shift in the backbone—which is polar due to size
differences of the side chains. Furthermore, these studies
showed that the reduction potential was not directly
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FIGURE 1

Ribbon diagram depicting the Dv (ILKM) rubrerythrin
homodimer in blue, with the metal atoms for the diiron site and the Fe(S),
site shown as gray van der Waals spheres.

proportional to the size of the side chain. In particular,
although a change from Val to Ala increased the potential
by ~50 mV, a change from Ala to Gly only caused a slight
change because the backbone could no longer shift and a
change from Val to Leu also only caused a slight change
because the extra atoms of the Leu were accommodated
within cavities of the protein.

From a computational standpoint, our earlier studies indi-
cate that electrostatic calculations using high-resolution
x-ray crystallographic structures combined with bioinfor-
matics sequence analysis (25,26) can, in some cases, give a
better answer than molecular dynamics (MD) simulations.
Therefore, assessing the relative accuracy is important, as
many researchers do not have access to computational
resources for multi-nanosecond scale MD simulations for
simple screening of potential mutants. In computational
studies of rubredoxins (12), which have been experimentally
verified (13,15,27), and ferredoxins (28), which have also
been experimentally verified (29-31), sequence determi-
nants involve changes in distance of <0.5 A of polar groups
hydrogen-bonded to the cluster and changes in energy of
50-100 meV. In particular, sequence determinant(s) of
changes between homologous proteins can be difficult to
identify as they may involve small changes mixed with
many other irrelevant changes. For these types of studies,
high-resolution x-ray crystal structures are generally more
reliable than the structures in MD simulations, which are
dependent on the potential energy function. Moreover,
although Poisson or Poisson-Boltzmann continuum electro-
static calculations can give accurate predictions of total
reduction potentials, contributions of sequence determinants
that are hydrogen-bonded directly to the cluster are sensitive
to the grid size and dielectric boundary definition. For
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instance, Poisson-Boltzmann calculations of Fe-S proteins
have used a vacuum dielectric for the cluster and nearby resi-
dues (20), so that using Coulomb’s law and interatomic
distances for the contribution of nearby residues is more
accurate than a grid-based solution. On the other hand,
MD simulations are useful in studying site-specific mutants
once sequence determinants have been identified, particu-
larly in identifying factors such as backbone flexibility
(32), alternate conformations (which must be explicitly
added in an x-ray structure determination (33)), and transient
water penetration.

An important issue in reconciling the accuracy of the
previous studies of reduction potentials by x-ray structure
analyses of rubredoxins (12) and ferredoxin (28) with more
recent studies by MD (21,34,35) is that the x-ray analyses
assume that the hydrogen-bonded groups acted as perma-
nently polarized dipoles, whereas MD studies generally
assume that polar groups will respond linearly to the change
in charge upon reduction—ultimately leading to differences
of a factor of 1/2 in the reduction potential (see Methods).
Generally, the validity of the linear response approximation
has been an important issue for proteins (36), and whereas a
simple polar solvent will have a linear response, proteins
appear to have a permanent component in the polarization
that would still be present at zero charge in addition to the
linear response to the charge of the redox site (37), which
may be similar to Warshel’s preorganization concept (38).
Here, we examine the linearity of the response of specific
residues rather than the entire protein in comparisons of
x-ray structures of homologous proteins and multi-nano-
second MD simulations of mutants. The work presented
here utilizes methods developed earlier (12-15) to elucidate
the individual contributions of these possible determinants
to the increased reduction potential of the rubredoxin domain
of rubrerythrin over that of rubredoxin from analysis of
crystal structure of wild-type (wt) DvRr and CpRd, as well as
MD simulations of wt and mutant rubredoxins. Specifically,
the aim is to examine the effects of mutation to asparagine,
histidine, and alanine as found in DvRr in the equivalent
positions of CpRd, and to relate these results to differences
between DvRr and CpRd in their experimental reduction
potentials. For convenience, the sequence numbering of
CpRd is used for the equivalent position of DvRr, such
that Asn160, His”g, and Ala'”® are referred to as Asns,
His*, and Ala*', respectively.

METHODS
Crystal structure and bioinformatics analysis

The crystal structures of oxidized [IFHH at 1.50 A resolution (16)] and
reduced [IFHM at 1.50 A resolution (16)] CpRd, oxidized [ISMM at
1.36 A resolution (15)] and reduced [ISMU at 1.43 A resolution (15)]
L41A CpRd, and oxidized [1LKM at 1.69 A resolution (39)] and reduced
[1LKO at 1.63 A resolution (39)] DvRr were obtained from the Brookhaven
Protein Data Bank (40). The hydrogen positions were built for all polar
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hydrogens using the HBUILD facility of CHARMM 25 (41) followed by
100 steps of steepest descent minimization of the entire protein. In the
DvRr crystal structures, the oxygen and nitrogen positions of Asn'®® were
switched so that the nitrogen formed a hydrogen bond to the iron site as
reported in an earlier structure (42).

Sequence analysis was performed using BLAST (43). Forty-two rubrery-
thrins were obtained from the SWISSPROT and TrEMBL (44) databases
and forty-two rubredoxins were obtained from the SWISSPROT database.

Molecular-dynamics simulations

Molecular dynamics (MD) simulations of the wt CpRd and four CpRd
mutants (described below) were performed with the molecular mechanics
and dynamics program package CHARMM 29 (41), beginning with the
5RXN at 1.20 A resolution (45) crystal structure, along with crystal waters.
The Verlet algorithm was used with a time step of 0.001 ps in the microca-
nonical-ensemble at a temperature of ~300 K. Truncated rectangular-
octahedral periodic boundary conditions were used. The potential energy
function used the parameters of CHARMM 19 (41), TIP3P for water (46)
and additional parameters for the ions and the iron-sulfur site (17), in which
nonpolar hydrogens were treated implicitly using the extended atom method.
All bonds containing hydrogens were constrained to their equilibrium bond
lengths using the SHAKE algorithm (47). Long-range forces were switched
smoothly to zero using an atom-based force-switch method (48) between
10 A and 14 A and the nonbonded and image atom lists were updated heuris-
tically using a cutoff distance of 15 A. This method was used to maintain
consistency with earlier studies; the short-range nature of the dipole interac-
tion makes this method reasonable here.

The initial wt oxidized and reduced systems were prepared as described in
previous work (14), consisting of energy minimization and solvation of the
crystal structure (protein plus crystal waters), followed by 62 ps of solvent
equilibration. The initial wt oxidized system consisted of 501 protein atoms,
1835 water molecules, 15 sodium ions, and five chlorine ions, whereas the
initial wt reduced system, which was also constructed from the oxidized
crystal structure, consisted of 501 protein atoms, 1834 water molecules,
16 sodium ions, and five chlorine ions. Structures of the oxidized and
reduced mutant forms of CpRd, Val® to asparagine (V8N CpRd), Val** to
histidine (V44H CpRd), Leu*! to alanine (L41A CpRd), and the triple
mutant (triple CpRd), were constructed from the initial oxidized and reduced
wt systems respectively, by using QUANTA (49) as described in earlier
work (14). However, the crystal structure of DvRr (IRYT) 1IRYT at 2.10 A
resolution (10) was used to determine the initial starting conformation of the
dihedral angles for the mutated residues.

MD simulations were carried out starting from the oxidized and reduced
wt and mutant systems. The systems were equilibrated by molecular
dynamics, scaling the velocities every 0.2 ps until 10 ps after the last scale
for a total of 15 ps to 25 ps, followed by 920 ps unperturbed. After equili-
bration, the systems were propagated for 5 ns and analysis utilized coordi-
nates at 0.01 ps intervals from this 5 ns.

Electrostatic calculations

The electrostatic interactions of the sequence determinants with the iron site
are calculated as described in previous work (12,28), and may be related to
the reduction potential as follows (26). The free energy change upon reduc-
tion AG is related to the reduction potential £° by the Nernst equation,

—nJE° = AG, 6]

where J is Faraday’s constant and 7 is the number of electrons transferred.
Furthermore, the free energy of each state can be obtained from the electro-
static energy E. between the redox site and the environment of each state
from the thermodynamic integration as the major change is in the electro-
statics (37) and the self-energy terms cancel for mutants. In the two
extremes, if the environmental response is linear with charge, the free energy
should equal to half of the energy AG = 1/2 AE,, whereas, if the electrostatic
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potential in the redox site region is a permanent potential independent of
charge (37), the free energy is equal to the energy AG = AE,. To focus
on a specific sequence determinant, the contribution of residue & to the elec-
trostatic energy is

EW = Y oy

. - . ~ I
i=redox site atoms j=atoms of residue k ¥

(©))

where ¢; is the charge of atom i of the redox site, Q; is the charge of atom i of
residue k, and r;; is the distance between atoms i and j. Thus, the reduction
energy is

AE(k) = (Ee(k)) o= (Ee(k)) oxa- )

For the crystal structure calculations, it denotes a calculation using the struc-
ture in the state a where a = oxd; whereas for the MD simulations, (...},
denotes a time average in the state «. Furthermore, the energy gap is

AV =Y 84Q;

. ~ . . v
i=redox site atoms j=atoms of residue k iy

“

where Ag; is the change in charge of atom i upon reduction and the other
variables are as in Eq. 2. If the system responds linearly, the free energy
is then given by (25,36,50,51)
1
AG(k) = §[<Av(k)>red + <Av(k)>oxd] : (5)

Note that a linear response means a purely linear dependence on the charge,
with no constant term corresponding to a permanent polarization.

To examine the linearity of the environmental response in the MD simu-
lations, the previously proposed (37) linear-polarization measure

E(l) — <¢>red/qf€d
Goxdqred <¢>oxd / Goxd

is also calculated, where ¢ is the electrostatic potential at an ion. The linearity
of the response potential with respect to the applied field (i.e., the redox site
charge) can be demonstrated from continuum electrostatics (52). Note that
(M _
gqoxclqred =1
implies that the potentials are consistent with a linear response, whereas

(6)

giilidqred = QOXd/ red

implies that the potentials are consistent with a permanent polarization; of
course, other phenomena may give rise to the same values as only the initial
and final states are compared. Because here the change in charge is delocal-
ized over several atoms in the redox site, the contributions of residue k to the
electrostatic potential at the redox site is approximated as —nJ (¢ (k)), =
(AV(k))o; in other words, as an average over the redox site weighted by
the charge change at each atom. Therefore, the value of ¢ for a particular
redox state depends on the process being considered.

Solvent accessibility

The solvent accessibility of the redox site was calculated as the solvent
contact surface area (SCSA) of the nine atoms of the redox site; namely,
the iron plus the Cg and S,, of residues 6, 9, 39, and 42, which are the cys-
teinyl ligands of the iron site. In practice, the only atoms of the redox site
with nonzero values of SCSA are the Cg of residue 9 and residue 42. Lee
and Richard’s algorithm (53) was used with a probe radius of 1.6 A. The
water penetration of the protein in the simulations is qualitatively described
by the number of waters that are found in the first shell of water near the iron
of the redox site, which is defined as the number of water oxygens within 6 A
from the iron.
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RESULTS AND DISCUSSION

Here, two separate but related questions are addressed:

1. What are the sequence determinants of the 285 mV
higher reduction potential of DvRr relative to CpRd?

2. What are the structural determinants of differences in
reduction potential between V8N, L41A, V44H, triple,
and wt CpRd?

Because of differences in the environment around each side
chain of the two proteins and the coupling between residues
8, 41, and 44, the individual contributions of each residue
difference between DvRr and CpRd may not equal the differ-
ences due to each site-specific mutation.

Identification of sequence determinants

Because structural analysis has previously pointed to resi-
dues 8, 41, and 44 as possible determinants of the difference
in reduction potential between the rubrerythrins and rubre-
doxins (10), here these possibilities were evaluated using
our general strategy for identifying sequence determinants
from homologous proteins via bioinformatics sequence and
electrostatic crystal structure analysis (25,26). As noted
before, sequence determinants that separate homologous
proteins into different classes based on their reduction poten-
tials tend to be conserved within each reduction potential
class, but differ between the classes. The sequence analysis
of 42 rubrerythrins and 42 rubredoxins supported residues
8,41, and 44 as likely determinants (Fig. S1 in the Support-
ing Material). Residues 8 and 44 were almost completely
conserved as an Asn and a His, respectively, in the rubrery-
thrins, whereas they were 81% and 95%, respectively,
nonpolar residues in the rubredoxins. Residue 44 was 88%
Ala in rubrerythrins whereas it was either a polar residue
or a larger nonpolar residue in the rubredoxins.

The oxidized and reduced crystal structures of the rubre-
doxin domain of DvRr (1LKM and 1LKO, respectively),
CpRd (1FHH and 1FHM, respectively), and L41A CpRd
(1SMM and 1SMU, respectively) were analyzed for differ-
ences in structure and energetics. Overall, the DvRr oxidized
and reduced structures had a total root mean-square devia-
tion (RMSD) of 0.24 A and did not exhibit any significant
changes near the [1Fe] center, whereas the CpRd structures
had a total RMSD of 0.80 A and exhibited small differences
mainly around residue 41, which is involved in water-gating
of the redox center (16).

By examining the differences in the reduction energy due
to residues 8, 41, and 44 in the DvRr versus CpRd crystal
structures (Table 1), the major contributions appeared to be
due to the polar side chains of Asn® and His** in DvRr.
Moreover, despite the differences in side chain sizes, there
did not appear to be significant backbone shifts (Fig. 2),
unlike what was found previously for other mutations of
Val** in CpRd (12-14). Thus, backbone contributions
were small for the nonpolar residues where they are the
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TABLE 1 Differences of DvRr and mutant CpRd relative to wt
CpRd (absolute numbers given in parentheses) in reduction
energy calculated from crystal structures and experimental
reduction potentials (in mV)

Protein  —AAE(8)/nS —AAE@41)/nS —AAE(44)/nS TOTAL AE(exp)*
(CpRd) (364) (362) 48) NA  (=55)
DvRr (+)f 352 30 160 542 285 + 10
DvRr (—)f ~169 30 183 21 285 + 10
CpRAL4IA  -23 -19 14 -29 50

*Reduction potentials for CpRd (22), DvRr (6,22), and L41A (15,22).
"The “+” denotes x, = 60° whereas “—"" denotes x, = —120° for Asn.

only contribution (Table 1) and ranged from only —4 to
—19 mV for the polar residues. Using the assignment of
the N and O by Sieker et al. (42), the DvRr Asn8 side chain
had x, = 60° and formed a hydrogen bond to the redox site
in both oxidation states, thus increasing —AFE/nS relative to
the wt CpRd Val® by 352 mV; however, using the assign-
ment of Jin et al. (39), it had x, = —120°, thus decreasing
—AE/nJ by 169 mV. Because distinguishing the N and O
is difficult in an electron density map, the assignment of
Sieker’s group with a hydrogen bond between the NH,
and the redox center appears reasonable (see methods).
The DvRr His** side chain had y, = 57° and was oriented
away from the redox site, with a hydrogen bond to the back-
bone carbonyl of the fourth cysteinyl ligand, thus increasing
—AE/nS relative to wt CpRd Val** by 160 mV. Finally,
Ala*! in DvRr and L41A CpRd made insignificant changes
in —AE/nS relative to Leu*' of wt CpRd.

The SCSA of the redox site in CpRd increased from
7.8 A? to 13.2 A upon reduction because of the gating
behavior of Leu®'. However, the SCSA of the redox site in

FIGURE 2  Superposition of the DvRr in oxidized (1LKM) and reduced
(1LKO) states (blue and ice blue) and CpRd in oxidized (IFHH) and
reduced (1IFHM) states (red and pink) near the Fe(S), metal center (white
and yellow), aligned on the Fe(S), center.
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CpRd L41A changed only slightly upon reduction (~12.4 A*
and ~13.0 A% in oxidized and reduced state, respectively).
The SCSA of the redox site in DvRr monomer was 11.0 A?
for both the oxidized and reduced crystal structures, larger
than that of the oxidized CpRd but less than that of the
reduced CpRd. In the crystal structure alignment (Fig. 2),
DvRr Ala*! (both oxidized and reduced structures) covers
the redox site less than Leu*' does in the open gate state of
oxidized CpRd but more than Leu*' does in the closed
gate state of reduced CpRd. Moreover, the SCSA of the
redox site in the DvRr homodimer was very small in both
the oxidized and reduced structures, ~0.1 A? and ~0 10\2,
respectively, because the redox sites reside in the interface
between the two monomers and thus are restrained from
contacting water.

Overall, the results for the energy differences of DvRr
were approximately twice as large as the observed differ-
ences in the reduction potential for the polar side chains,
because entropic contributions are important for side chains
(as seen below). To obtain more quantitative results, the free
energy must be determined. If the system is linear, then
AG = 1/2 AE; but note also that when the free energy for
the x-ray structures was calculated using Eq. 5, which
assumes the system is linear, the values were almost identical
to the reduction energies AG = AE, because the oxidized
and reduced structures are almost identical. Moreover,
previous studies indicate that the protein contribution of
rubredoxin is nonlinear because of a permanent polarization
contribution (37). To investigate the linearity and determine
the free energy, MD simulations were performed as
described below. However, the results here along with
previous studies of the rubredoxins (12) and the ferredoxins
(28) show that the bioinformatics sequence and electrostatic
structural analysis are as a useful means of identifying
possible sequence determinants as those that can cause
energy differences. In particular, this approach is useful for
identifying small structural shifts giving rise to small
changes in reduction potential by finding systematic trends
in multiple structures (12,28), which would be difficult to
separate in MD simulations.

Mutations of sequence determinants

MD simulations were analyzed for changes in structure and
energetics of V8N, V44H, and L41A CpRd from the wt
CpRd. The wt CpRd simulation exhibited a backbone
RMSD of 1.4 and 2.3 A from the oxidized and reduced
crystal structures, respectively, based on the backbone align-
ment. In addition, the differences between the mutant and wt
were ~1 and ~2 A for the oxidized and reduced average
structures, indicating the mutations did not change the over-
all structure of the protein from the wt simulation. However,
changes were apparent near the redox sites. For instance, the
backbone and side chain of residue 8 of both V8N and wt
CpRd shifted toward the redox site upon reduction (Fig. 3 a).
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FIGURE 3 Licorice model depicting the backbone and side-chain relation
interaction with the Fe(S), center (white and yellow) of the average MD
structures of (a) the oxidized and reduced V8N CpRd (green and cyan),
the oxidized and reduced wt CpRd (red and pink), (b) the oxidized and
reduced V44H CpRd (blue and ice blue), and the oxidized and reduced wt
CpRd (red and pink). Also shown is the DvRr (ILKM) crystal structure
(ochre). The alignment is based on the Fe(S)4 center.

In addition, V44H and wt CpRd exhibited a shift in the back-
bone near residue 44 upon reduction and the His side chains
of both oxidized and reduced states of the mutant had
slightly different orientations from that in the DvRr crystal
so that it no longer hydrogen-bonds to the backbone
carbonyl (Fig. 3 b). No shift in the backbone near residue
41 between L41A and wt CpRd was observed.

The shifts in the reduction energy —AE/ny from wt CpRd
calculated from MD (Table 2) were similar to the values
from the x-ray structures except that the magnitude were
much larger for the Asn and His (Table 1). The Asn in
V8N and the triple mutant increased —AE/nJ by ~580 and
~720 mV, respectively, and the His in V44H and the triple
mutant increased it by ~240 and ~280 mV, respectively.
However, shifts in the free energy calculated using Eq. 5
were smaller for the polar residues (Table 2) than the shifts
in the energies (Table 2). In particular, the Asn in V8N
and the triple mutant increased —AG/nSy relative to wt by
~190 and ~160 mV, respectively, whereas the His in
V44H and the triple mutant increased —AG/ny by ~180
and ~130 mV, respectively—which are in very good agree-
ment with the experimental shifts in reduction potentials.

The difference between —AAE/ny from the x-ray struc-
tures and the MD simulations for the Asn and His mutations
was due to the rotation of the two polar side chains in the
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TABLE 2 Differences between CpRd mutants relative wt
(absolute values given in parentheses) in the reduction energy
and free energy calculated from MD simulations compared to
experimental reduction potentials (all in mV)

Reduction energy

Mutant —AAE()/nT —AAE41)/ny —AAE(44)/n TOTAL AE° (exp)*

(w) @17) (384) (68) NA (—55)
V8N 581 10 -4 587 119
L41A -8 29 -3 18 50
V44H 30 1 236 267 NA
Triple 716 1 284 1001 285 = 10

Free energy

Mutant —AAG(8)/nI —AAG(41)/nJ —AAG(44)/nJ AE° (calc) AE° (exp)*

wt (310) (339) (23) NA (—55)
V8N 194 —6 —11 177 119
L41A -8 —18 —0.3 -27 50
V44H —44 4 177 137 NA
Triple 156 -2 132 286 285 = 10

*Reduction potentials for CpRd (22),V8N (E. T. Smith, Q. Zeng, M. K. Eids-
ness, A. E. Burden, D.M. Kurtz, Jr., and R. A. Scott, Department of Chemistry
and Center for Metalloenzyme Studies, University of Georgia, personal
communication, 2002), and L41A (15,22). For the triple mutant, the value
of DvRr (6,22) is given.

MD. In V8N CpRd, the Asn side chain in the oxidized state
made ~15 transitions between a major conformation with
~60% population, which has x, = 70° with the NH, point-
ing toward the redox site, similar to x, = 60° for the DvRr
x-ray structure (42), and a minor conformation with ~40%
population, which has a x, = —80° with the NH, pointing
into solution (Fig. S2 a). However, the Asn in the reduced
state stayed in the x, = 70° conformation. Also, in V44H
CpRd, the His side chain in the oxidized state made ~12
fairly stable transitions plus a few rapid crossings between
X2 = 90° with the NH toward the redox site (~85% popula-
tion)—somewhat larger than y, = 57° for the DvRr x-ray
structure, and y, = —85° with the NH into solution
(Fig. S2 b). However, the His side chain in the reduced state
had x, = 90° for most of the simulation, whereas at only the
end of simulation the side chain flipped twice to x, = —85°.
Interestingly, the simulation of the triple mutant indicated
that the Asn and His side chains were approximately anticor-
related so that when the Asn had y, = —80°, the His had
X2 = 90° and when the Asn had x, = 70°, the His had
x> = —85°, although there were two periods of ~0.8 and
0.1 ns where they were both in phase. However, only three
transitions for Asn and seven for His were observed so the
relative populations were not as well characterized. The elec-
trostatic interaction energy between the two residues was
~5 kcal/mol more favorable when they were anticorrelated
because of the side-chain dipole moments.

In summary, the polar side chains had two conformations
in the oxidized state but only one in the reduced state. For
both the Asn and the His, the interaction energies between
the positive x, conformation and the cluster were very
similar to the crystal structure but those of the negative x,
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conformation were more positive (less favorable) by 1100
and 213 mV, respectively, thus resulting in more positive
values of —AE/nJ. Moreover, the interaction energy of the
negative ¥, conformation was even more unfavorable in
the reduced state because the attraction between the side
chain and the redox site in the more highly charged reduced
state was stronger so only the positive x, conformation was
observed. Thus, whereas the presence of the negative x,
conformation in the oxidized state led to large —AE/nJ
implying energetically favorable reduction, the reduction
of this conformation is unfavorable and so a transition to
the positive x, conformation must occur before reduction.
The free energy of reduction is thus much lower than the
energy of reduction.

Because the expression for the free energy (Eq. 5) assumes
a linear response, the linearity of the side-chain response to
reduction was also explored by calculating ng _, given by
Eq. 6 (Table 3). Previous results indicate that élthough the
protein matrix of CpRr has both a permanent polarization
that is present even when the redox site has no net charge
as well as a contribution that responds by polarizing linearly
with respect to the total redox site charge, the overall system
appears more linear because the solvent has only a response
contribution (37). The nonpolar residues, which included
all the residues except Asn® in V8N and the triple mutant,
and His* in V44H and the triple mutant, generally had
592172 =~ 1/2 except for Val** where the numbers were too
close to zero, thus indicating a permanent polarization contri-
bution by the backbone dipoles of these residues. On the
other hand, the polar Asn and His generally had & (_13,_2 =1,
thus indicating these residues responded linearly to the
reduction. The ratio of AG/AE (Table 3) also provides an
indication of the linearity, although the expression for the
free energy given by Eq. 5 holds only for the linear regime.
AG/AE = 1/2 did not hold for the nonpolar side chains, as
expected when there is a nonlinear component to the
response, whereas AG/AE = 1/2 for the polar side chains;
1.e., Asn® in V8N and the triple mutant, and His** in V44H
and the triple mutant. Thus, Eq. 5 is reliable for Asn and
His but not the nonpolar side chains. Of course, these values
just indicate consistency with linear and nonlinear compo-
nents, but do not prove either.

Because the side chains of these two residues had two
conformations in the oxidized state and only one in the

TABLE 3 Nonlinearity calculated from MD simulations in
CpRd wt and mutants

8 41 44
Potein £ ,  AGAE &', AGAE '), AGIAE
CpRd 0.60 0.74 0.53 0.88 — 033
V8N 0.92 0.50 0.55 0.85 — 0.18
L41A 0.61 0.74 0.59 0.78 — 0.34
V44H 074 0.60 0.53 0.89 0.69 0.66
Triple 136 0.41 0.55 0.87 1.05 0.4

*Numbers are too close to zero.
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reduced state, these side chains responded apparently line-
arly to the reduction by shifting the populations of the
conformations, which have very different polarization ener-
gies. This shift in populations is necessary to get good agree-
ment of the free energy from MD with the experimental
reduction potentials. However, the backbone and side chains
that do not rotate contribute to the permanent polarization
around the redox center. Furthermore, as the two polar side
chains did not appear here to be able to rotate in the reduced
state, they might have only a permanent polarization contri-
bution for a change from the reduced state to a super-reduced
state. However, in the ferredoxins, the side chains did not
rotate and thus contribute a permanent polarization energy
(28). Interestingly, the ferredoxins utilize a 2-/3- couple
whereas the HiPIPs and rubredoxins use a 1-/2- couple, indi-
cating that shifting conformation populations may saturate
for clusters of charge 2- so that the 2-/3- couple may tend
to be nonlinear. Finally, the anticorrelation of the Asn and
His side chain conformation will tend to keep the energy
difference between the oxidized and reduced state more
constant, which is important when considering the effects
of the conformations on electron transfer rates.

MD also suggests that differences in water penetration
may play a role here. The MD simulations show an increase
in water near the redox site upon reduction (Table 4) as seen
in earlier simulations (17,54) and later in crystal structures
(15,16). For most of the simulations, the number of waters
within 6 A of the iron is ~1 for the oxidized state and 2-3
for the reduced state. The CpRd L41A and triple mutant
show slight increases in water penetration relative to wt
and may be responsible for the 50 mV increase in E° between
L41A and wt. Even though both the SCSA of the monomer
and the MD of the CpRd L41A mutant show a slight increase
in the solvent accessibility, the natural form of rubrerythrin is
a homodimer, and the interface between the hemerythrin
domain and the rubredoxin domain completely blocks
solvent accessibility to the area of the alanine, as evident
by nearly 0 A* SCSA of the homodimer. This means that
the alanine determinant cannot provide a significant increase
to the reduction potential of the rubredoxinlike domain of
DvRr over that of CpRd through an increase in solvent
accessibility to bulk water. Because all of the simulations
show an increase in the number of waters near the redox
site upon reduction, as was also observed crystallographi-
cally in the wt (16), the dimerization of rubrerythrin may

TABLE 4 Numbers of waters within 6 A of the iron of the redox
site in MD simulations

Number of waters

Protein Oxidized state Reduced state
CpRd 0.8 2.4
Cp V8N 0.9 1.8
Cp L41A 1.3 2.8
Cp V44H 0.7 1.8
Cp Triple 1.1 3.0
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actually lead to a decrease in E° in which the water penetra-
tion cannot occur because the redox site is blocked by the
other monomer. Thus, although rubredoxin has a water
gate allowing entry of water (15-17), rubrerythrin may
have a water gate that is permanently closed in the homo-
dimer that traps a water inside.

Overall, the free energy differences from the molecular
dynamics between the wt and mutants in CpRd were in
good agreement with experimental differences between
CpRd and DvRr for the polar side chains. However, the
free energies for backbone contributions calculated using
Eq. 5 are less accurate because they are nonlinear (i.e.,
have a permanent contribution). Thus, in cases where back-
bone shifts are important such as in previous studies of rubre-
doxins (12) and the ferredoxins (28), energy calculations of
multiple high-resolution crystal structures showing system-
atic differences in their sequences (26) are likely to be
more reliable.

CONCLUSIONS

The work presented here provides insights into the increased
reduction potential of the rubredoxin domain of rubrerythrin
over that of rubredoxin. The increased reduction potential
appears to come mainly from the addition of the polar groups
of Asn® (160, DvRr numbering) and His** (179) near the
redox center. Also, Ala*! (176) may be less of a contributor
to the increased reduction potential because solvent accessi-
bility is negligible in the homodimer, although it may be
important for the CpRd V41A mutant. Overall, these results
along with previous studies of the rubredoxins (12) and the
ferredoxins (28) show that our method of bioinformatics
sequence and electrostatic crystal structural analysis
(25,26) is useful for identifying sequence determinants
between homologous proteins where there are many
nonidentical residues. In addition, the differences in reduc-
tion potentials predicted by free energies calculated from
MD simulations of mutants are in good agreement with
experimental values. In other words, although the simple
analyses of crystal structures are useful in identifying
sequence determinants of reduction potentials, MD simula-
tions are useful in predicting the changes in reduction poten-
tials due to mutations of these sequence determinants.

More generally, the simulations indicate that different
elements of the protein can respond differently to the change
in charge of the redox sites. Previous results indicate that
whereas the protein matrix has both a large permanent polar-
ization as well as a linear response, the overall system
demonstrates a linear response due to the solvent (37).
Here, individual residues are shown to have anywhere
from a permanent polarization to a linear response. Specifi-
cally, the Asn and His exhibit a linear response via the inter-
esting mechanism of changing the relative populations of
two side-chain conformations in the oxidized versus reduced
states.
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