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Abstract The amide group between residues 78 and 79
of Chromatium vinosum high-potential iron-sulfur pro-
tein (HiPIP) is in close proximity to the Fe4S4 cluster of
this protein and interacts via a hydrogen bond with Sg
of Cys77, one of the cluster ligands. The reduction po-
tential of the S79P variant was 104B3 mV lower than
that of the recombinant wild-type (rcWT) HiPIP
(5 mM phosphate, 100 mM NaCl, pH 7, 293 K), princi-
pally due to a decrease in the enthalpic term which fa-
vors the reduction of the rcWT protein. Analysis of the
variant protein by NMR spectroscopy indicated that
the substitution has little effect on the structure of the
HiPIP or on the electron distribution in the oxidized
cluster. Potential energy calculations indicate that the
difference in reduction potential between rcWT and
S79P variant HiPIPs is due to the different electrostatic
properties of amide 79 in these two proteins. These re-
sults suggest that the influence of amide group 79 on
the reduction potential of C. vinosum HiPIP is a mani-

festation of a general electrostatic effect rather than a
specific interaction. More generally, these results pro-
vide experimental evidence for the importance of bu-
ried polar groups in determining the reduction poten-
tials of metalloproteins.
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Introduction

The factors determining the reduction potentials of me-
talloproteins have been assessed by experimental and
theoretical approaches. The intrinsic redox properties
of the metal center are modulated by the endogenous
ligands provided by the protein and are further tuned
by the protein environment, principally through elec-
trostatic effects [1–8]. These electrostatic effects include
unitary charges of acidic and basic residues and partial
charges of protein polar groups [1, 5, 7, 9–11]. Although
unitary charges are larger than partial charges, they are
usually located at the protein’s surface and are thus
shielded by the solvent dielectric. In contrast, partial
charges, which are more numerous, are often buried
within the protein and are thus not shielded by the sol-
vent. Several theoretical studies have stressed the im-
portance of buried partial charges in determining the
reduction potential of metalloproteins [1, 8, 12]. Ex-
perimental evidence has been less forthcoming, al-
though it has recently been reported that the elimina-
tion of polar side chains that hydrogen bond to the
Rieske Fe2S2 cluster of the cytochrome bc1 complex de-
creases the reduction potential of this cluster by
50–130 mV [13, 14].

The study of high-potential iron-sulfur proteins
(HiPIPs) has provided many important insights into the
control of reduction potential in metalloproteins [1, 5].
These small, soluble proteins contain a Fe4S4 cluster
bound to the polypeptide by four cysteinyl thiolate li-
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gands. The functional oxidation states of the cluster are
[(RS)4Fe4S4]– and [(RS)4Fe4S4]2– and the reduction po-
tential of this redox couple ranges from 90 to 500 mV.
In contrast, the functional oxidation states of the Fe4S4

cluster-containing ferredoxins (Fds) are [(RS)4Fe4S4]2–

and [(RS)4Fe4S4]3– and their reduction potentials range
from P400 to P650 mV [5]. The existence of different
redox couples in HiPIPs and Fds complicates a direct
comparison of their reduction potentials. However,
Hagen and co-workers [15] recently “superreduced”
the HiPIP of Rhodophila globiformis to the
[(RS)4Fe4S4]3– state, determining the reduction poten-
tial of the [(RS)4Fe4S4]2–/3– couple to be –900 mV. This
potential is about 1.35 V lower than that of the
[(RS)4Fe4S4]2–/3– couple in the same protein and
suggests that the reduction potential of the
[(RS)4Fe4S4]2–/3– couple in HiPIPs is in the range P850
to P1250 mV, i.e. about 400–600 mV lower, on the av-
erage, than in the Fds.

The considerable difference in reduction potential
between HiPIPs and Fds has been explained by the
larger solvent exposure of the cluster in Fds and by the
larger number of positive partial charges surrounding
the ferredoxin cluster [1, 5]. Warshel and co-workers
[1] have attributed a particularly significant role to the
main-chain amide groups. Ferredoxins contain 15 such
groups within 10 Å of the centroid of the cluster, 13 of
which are oriented with their positive end towards the
cluster. In contrast, HiPIPs contain eight such groups
within 10 Å of the centroid of the cluster, seven of
which are oriented with their positive end towards the
cluster [1]. This model extends the original concepts of
Carter et al. [17] and Sanders-Loehr and co-workers
[16], who suggested that the difference between the two
classes of Fe4S4 cluster-containing proteins is due to the
different number of hydrogen bonds between main-
chain amide groups and the cluster sulfur atoms (five in
HiPIPs versus eight in Fds), as well as the more hydro-
phobic nature of the cluster environment in HiPIPs, al-
though the contribution of surface charges is not negli-
gible in proteins where the cluster is less solvent ex-
posed [18].

The role of main-chain amide groups in modulating
the reduction potential of metalloproteins is difficult to
assess by mutagenic approaches. One approach is to
substitute residues participating in key amide bonds
with proline. This eliminates the capacity of the peptide
bond to donate a hydrogen bond and distributes the
partial positive charge over the Cd and the d-CH2 pro-
tons of the proline residue. In the current study, serine
79 of Chromatium vinosum HiPIP was substituted with
proline. Amide 79 forms a hydrogen bond to Sg of
Cys77, one of the cluster ligands, and was identified as
being “especially important” by Warshel and co-work-
ers [1]. This residue was targeted since the w angle of
Ser79 indicated that the introduction of a proline at this
position would not alter the overall folding of the pro-
tein. Indeed, one of the major problems in using muta-
tions to prove or disprove working hypotheses in pro-

teins is to ascertain that the mutation has no other siza-
ble effects besides the predicted one. This is even more
crucial with mutations to proline, which locally rigidi-
fies the backbone and may cause steric constraints that
may propagate as gross torsion angle alterations along
the backbone, giving undesired effects. Fortunately, the
presence of the paramagnetic cluster allows us to ob-
serve by 1HNMR the hyperfine shifted signals of all
cysteine protons [19]. Hyperfine shifts are very sensi-
tive to even minor alterations of the coordination envi-
ronment, and their changes are faithful reporters of the
kind of alteration. The S79P variant was purified to ap-
parent homogeneity and its reduction potential was de-
termined. The effects of the substitution on the struc-
ture of the protein and the electron distribution of the
oxidized cluster were assessed by NMR spectroscopy.
Potential energy calculations were performed to evalu-
ate the origin of the observed difference in the reduc-
tion potentials of wild-type and S79P variant HiPIPs.

Materials and methods

All chemicals were of the highest quality available. All buffers
were made with water purified to a resistivity of 15 MV cm using
a Millipore Elix 5 water purification apparatus.

DNA manipulation and protein purification

DNA was manipulated using standard protocols [20]. Oligonu-
cleotide-directed mutagenesis was performed using a uracil-con-
taining single-stranded template [21]. The template was prepared
from the plasmid pEBCV10 which contains a synthetic gene en-
coding a histidine-tagged C. vinosum HiPIP [22]. The mutagene-
sis reaction was performed using the oligonucleotide 5b-
AGA GTC CAC GGA GCG CAC CAG-3b in which the mis-
matched nucleotide is in bold-faced type. The nucleotide se-
quence of the gene encoding the S79P variant was verified.

Recombinant wild-type (rcWT) and S79P variant C. vinosum
HiPIPs were expressed and purified essentially as previously de-
scribed [23]. Proteins for spectrophotometry and electrochemistry
were prepared in 50 mM potassium phosphate (pH 7.4). Protein
samples were prepared for NMR experiments by diluting them
10-fold with deuterated 50 mM potassium phosphate (pH 7.4) and
concentrating them by ultrafiltration using an Amicon cell equip-
ped with a YM5 membrane. This procedure was repeated four
times. Oxidized proteins were prepared by adding a slight molar
excess of [Fe(CN)6]3– in deuterated solution to the samples.

UV-visible absorption spectroscopy

UV/vis spectra were recorded using a Shimadzu UV-1200 spec-
trophotometer equipped with a thermostatted cuvette holder.
Spectra were recorded between 250 and 600 nm at 298 K. The
concentration of HiPIP was determined using an extinction coef-
ficient of 16.1 mM–1 cm–1 at 388 nm for the fully oxidized protein
[24].

Cyclic voltammetry

Cyclic voltammetry (CV) was performed using a Princeton Ap-
plied Research model 273A potentiostat/galvanostat and a small-
volume cell (0.5 ml). A 2 mm diameter highly oriented pyrolytic
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Table 1 Partial charges assigned to the atoms of the cluster and
its ligands and used in the energy minimization and potential en-
ergy calculations [26, 29]

Atom type Reduced Oxidized

OS1 OS2 OS3

N P0.4157 P0.4157 P0.4157 P0.4157
HN 0.2719 0.2719 0.2719 0.2719
CA 0.0213 0.0213 0.0213 0.0213
HA 0.1124 0.1124 0.1124 0.1124
CB 0.0500 0.0865 0.0870 0.0880
HB2 0.1112 0.1112 0.1112 0.1112
HB3 0.1112 0.1112 0.1112 0.1112
SG P0.5670 P0.4135 P0.3995 P0.4175
LP1 P0.12035 P0.12085 P0.11385 P0.12110
LP2 P0.12035 P0.12085 P0.11385 P0.12110
C 0.5973 0.5973 0.5973 0.5973
O P0.5679 P0.5679 P0.5679 P0.5679
Fe 0.4090 0.3125 0.2980 0.3345
S P0.3930 P0.2355 P0.2495 P0.2545

graphite disc was used as the working electrode, a platinum sheet
served as the counter electrode and the reference electrode was a
saturated calomel electrode (SCE). Immediately prior to each CV
experiment, the working electrode was cleaned by soaking it in
ethanol for 10 min, polishing it with an alumina-water slurry
(BDH, particle size F0.015 mm) on cotton wool, then treating it
in an ultrasonic bath for approximately 10 min. Voltammograms
were recorded at different scan rates (20–200 mV/s). Potentials
were calibrated using the methylviologen2c/methylviologenc

couple and were recalculated with respect to the standard hydro-
gen electrode (SHE).

Protein samples were prepared immediately prior to the ex-
periment from a 1 mM stock solution containing 50 mM potas-
sium phosphate (pH 7) and 150 mM KCl. The HiPIP was diluted
to a final concentration of 0.1 mM in 0.50 ml containing 0.1 M
NaCl as a base electrolyte, and 8 mM morpholine and 0.7 mM
poly-l-lysine as promoters. The pH was adjusted to the desired
value with solutions of concentrated NaOH or HCl and was mea-
sured before and after the electrochemical experiment. The sam-
ple was maintained under argon during the experiment. The tem-
perature dependence of the reduction potential was determined
using a non-isothermal configuration in which the reference elec-
trode was kept at constant temperature (298 K) and the tempera-
ture of the electrochemical cell was varied [25]. The reduction po-
tentials determined from replicate experiments agreed within
2 mV.

NMR spectroscopy

NMR spectra were recorded at 290 or 305 K using a Bruker Av-
ance 800 MHz spectrometer operating at a magnetic field of
18.79 T. The two-dimensional NOESY experiments were per-
formed at 290 K using a spectral window of 190 kHz, a mixing
time of 25 ms (for the oxidized form) or 10 ms (for the reduced
form) and a recycle delay of 300 ms. Data were collected over
2048 points in the acquisition dimension at each of 128 incre-
ments. Raw data were processed used a cosine-squared filter
function in both dimensions and a polynomial baseline correction
was applied, also in both dimensions. Data were zero-filled to ob-
tain a matrix of 2k!2k data points. Chemical shifts were cali-
brated by assigning a value of dp5.11–0.012T to the residual wa-
ter signal, where T is the probe temperature in 7C. The saturation
transfer experiment was performed on a mixture of 1 :2 oxid-
ized:reduced forms, using a mixing time of 5 ms, and by proc-
essing the two-dimensional spectrum with the same parameters
used for the NOESY spectra.

Electrostatic calculations

Energy minimizations and calculations were performed using the
SANDER module of the AMBER package [26]. The initial struc-
tural coordinates were obtained from the X-ray crystallographic
structure of the oxidized rcWT HiPIP determined to 1.20 Å [27].
The coordinates of the S79P variant HiPIP were obtained by sub-
stituting Ser79 in the crystallographic structure of the oxidized
rcWT HiPIP with proline using the program MOLMOL [28]. The
partial charges of the atoms in the oxidized cluster were assigned
according to each of three previously defined configurations:
OS1, OS2 and OS3 [29]. The partial charges of the atoms in the
reduced cluster were assigned by distributing a single negative
charge over the atoms of the oxidized Fe4S4 cluster and some li-
gand atoms. The partial charges assigned to cluster and ligand
atoms are reported in Table 1. The potential energy of all struc-
tures was minimized using a distance-dependent dielectric func-
tion (i.e. idielp0) and εp1 to mimic the presence of solvent,
since no explicit water was included in the structures. Minimiza-
tion to a convergence criterion of 0.2 kcal/mol was achieved using
1500 iterations of the method of steepest descent followed by the
method of conjugate gradients [26, 30]. During this minimization,
the short-range van der Waal’s interactions were attenuated by

setting the SCNB parameter to 100, thereby constraining the
geometry of the cluster and its ligands.

The potential energies of each minimized structure were cal-
culated according to reported methodologies [26, 30]. For these
calculations, a constant dielectric was used (i.e. idielp1) and ε
was set to a value between 1 and 2. Potential energies were calcu-
lated by explicitly considering the following terms: bond, covalent
interactions; angle, angular torsions; dihed, dihedral torsions;
elect, electrostatic interactions between atoms separated by more
than four covalent bonds; (1–4)el, electrostatic interactions be-
tween atoms separated by less than four covalent bonds; vdW,
van der Waals interaction energy between atoms separated by
more than four covalent bonds; (1–4)NB, van der Waals interac-
tions between atoms separated by less than four covalent bonds;
and Hbond, hydrogen-bonding interactions. The calculated ener-
gies were expressed as the difference between the potential ener-
gy of the reduced form and that of each oxidized form model
(OS1–OS3).

Results and discussion

The electronic absorption spectra of rcWT and S79P
variant HiPIP were essentially identical (results not
shown) and the R-factors (A280/A388) of the freshly ox-
idized rcWT and S79P variant HiPIPs were 2.58 and
2.63, respectively. These results and the NMR data (see
below) indicate that the Fe4S4 cluster was not grossly
altered in the variant HiPIP. Moreover, the S79P var-
iant was of comparable stability to the rcWT in solution
at room temperature, indicating that the protein fold
was not perturbed in such a way as to expose the Fe4S4

cluster to solvent [31, 32].
The reduction potential of the S79P variant and

rcWT HiPIPs were 251B2 mV and 355B2 mV, respec-
tively, versus SHE (F5 mM potassium phosphate,
0.1 M NaCl, pH 7.0, 293 K). In agreement with previous
reports [33], the reduction potential of the rcWT HiPIP
was essentially independent of pH above pH 7 and in-
creased at lower pH with an apparent pKa of approxi-
mately 5.7 due to the protonation of His42 (Fig. 1a).
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Fig. 1 a The reduction poten-
tial of rcWT (}) and S79P
variant (L) C. vinosum Hi-
PIPs as a function of pH, de-
termined at 293 K. DE7 are re-
ported relative to the standard
hydrogen electrode (SHE). b
The temperature dependences
of the standard Gibbs free en-
ergy (DG7) for the reduction
of rcWT HiPIP at pH 4.75 (❍)
and at pH 8.21 (}), and of the
S79P variant at pH 4.29 (❏)
and at pH 7.34 (L)

Table 2 Thermodynamic parameters of the reduction of rcWT
and S79P C. vinosum HiPIPs

HiPIP pH DH7 DS7 DG7a r
(kJ molP1) (J molP1 KP1) (kJ molP1) (goodness

of fit)

rcWT 8.21 P47.8 P45.7 P34.2 0.996
4.75 P53.5 P55.8 P36.9 0.997

S79P 7.34 P29.9 P21.1 P23.6 0.984
4.29 P37.5 P33.3 P27.6 0.986

a Values were determined at 298 K

The further increase of the reduction potential at lower
pH was presumably due to the protonation of Glu and
Asp residues [33]. The reduction potential of S79P mu-
tant displayed a very similar pH dependence except
that the former was consistently 90–110 mV lower than
that of the rcWT (Fig. 1a). The differences in the reduc-
tion potentials of S79P and rcWT were thus essentially
independent of pH.

The temperature dependence of the reduction po-
tentials of S79P variant and rcWT HiPIPs, determined
at two different pH values, are reported as DG7 values
in Fig. 1b. The DH7 and DS7 at 298 K were evaluated
from the slopes and intercepts of these data (Table 2).
As has already been reported, the reduction of rcWT
HiPIP at room temperature consists of a favorable en-
thalpic component and a smaller, unfavorable entropic
component [25]. The position 79 substitution decreased
the favorable enthalpic component by an amount equi-
valent to approximately 150 mV and decreased the un-
favorable entropic component by an amount corre-
sponding to an increase of 50 mV with respect to the
potential of the rcWT. Both the enthalpic and the en-
tropic effects of the position 79 substitution appeared
to be essentially independent of pH.

The 1HNMR spectra of the oxidized S79P variant
and rcWT C. vinosum HiPIPs were very similar (Fig. 2,
[34]). The hyperfine-shifted resonances of the former
were assigned using the dipolar connectivities of the
cysteine b-CH2 protons to neighboring protons and the

existing assignment and dipolar connectivities of the
rcWT protein. Figure 3A shows an enlargement of a
short-mixing NOESY spectrum of the oxidized S79P
variant in which the connectivities of three hyperfine
shifted resonances (b’, d’ and e’) are highlighted. These
connectivities are characteristic of the NOESY pattern
of Cys77, which consists of an a-CH (e’) and two b-
CH2 (b’ and d’) protons. This pattern closely matches
that observed in the rcWT protein except for a switch
of the resonances d’ and b’. In all oxidized HiPIPs stud-
ied to date, Cys77 is the only cysteine ligand whose a-
CH proton resonates well outside the diamagnetic re-
gion and therefore is the only cysteine that yields this
three-spin pattern [35–37]. NOESY connectivities were
also observed between resonances a’ and c’ and be-
tween resonances h’ and i’. The assignment of these
pairs of resonances, as well as that of resonances f’ and
g’, was therefore completed by comparison with the
rcWT spectrum (Fig. 2, [34]) and is summarized in Ta-
ble 3 together with the temperature dependence of the
resonances.

The 1HNMR spectra of the reduced C. vinosum
rcWT and S79P HiPIPs were also similar (Fig. 4), ex-
cept for a slight broadening of the whole spectrum ob-
served for the reduced mutant protein. A possible ex-
planation for this broadening could be that some pro-
tein loses its cluster, as the purity factor A280/A390 in-
creases from 2.5 to 2.75 in 16 h at 4 7C; iron ions re-
leased in solution by the cluster decomposition may be
responsible of the observed signal broadening. The hy-
perfine shifted resonances, which have been assigned in
the WT HiPIP and which arise from the b-CH2 protons
of the cysteine ligands [34], are sensitive probes of the
Fe-S-C-H dihedral angles [38]. The full assignment of
the b-CH2 protons (Table 3) was performed by short
mixing time NOESY. An enlargement of the NOESY
spectrum is shown in Fig. 3B. From the resonance posi-
tions, the Fe-S-C-H dihedral angles of all cysteines ex-
cept Cys77 are essentially the same. For Cys77, the re-
versal in shifts of its b-CH2 protons, also observed in
the oxidized form and confirmed by saturation transfer
experiments (not shown), can be accounted for by a ro-
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Fig. 2 800 MHz 1HNMR
spectra of oxidized rcWT (A)
and S79P variant (B) C. vino-
sum HiPIPs. The spectra were
recorded in 50 mM potassium
phosphate/99.95% D2O,
pH 7.4, at 290 K. The assign-
ments of resonances a’ to i’
are provided in Table 3

Table 3 Summary of the 1HNMR assignments of the ligand proton resonances of rcWT and S79P C. vinosum HiPIPa

Oxidized Reduced

Residue Proton Signal Chemical shift (ppm)b Signal Chemical shift (ppm)c

RcWT S79P rcWT S79P

Cys43 Hb1 h’ P37.6 (pC) P37.5 (pC) y 7.5 8.0
Hb2 i’ P40.1 (pC) P38.2 (pC) a 16.4 16.3

Cys46 Hb1 g’ 23.6 (aC) 26.3 (aC) e 10.0 10.8
Hb2 f’ 23.8 (aC) 26.3 (aC) d 11.0 11.5

Cys63 Hb1 c’ 37.8 (C) 39.3 (C) z 5.5 5.2
Hb2 a’ 112.4 (C) 110.4 (C) b 15.7 14.9

Cys77 Hb1c b’ 41.0 (C) 25.3 (C) c 12.6 10.4
Hb2c d’ 30.9 (C) 37.0 (C) w 7.8 12.9
Ha e’ 27.9 (C) 27.1 (C) v 8.4 8.9

a Labeling as in [34]
b Values were determined in 50 mM potassium phosphate/99.95%
D2O, pH 7.4, 290 K. Temperature dependence is indicated as: C,
Curie; aC, anti-Curie; and pC, pseudo-Curie, as defined in [19]

c Correspondence between oxidized and reduced forms checked
by saturation transfer

tation of approximately 307 about the S-Cb axis, in such
a way as to bring the Hb2 proton closer to a trans posi-
tion with respect to the metal. This local change is not
surprising in view of the loss of the H-bonding interac-
tion between the sulfur atom and the NH group of resi-
due 79.

The essential invariance of the dihedral angles of the
other three coordinated cysteines suggests that it is un-
likely that the introduction of proline at position 79 re-
sulted in conformational changes remote from the site
of substitution, for example through the propagation of

constraints through main-chain torsion angles. Thus,
the principal structural differences between the S79P
variant and rcWT occur in the immediate vicinity of the
substitution: the elimination of a hydrogen bond be-
tween backbone amide 79 and the Sg of the Cys77 clus-
ter ligand and the introduction of a less-polar side-
chain at position 79. In the WT protein, the hydroxyl
group of Ser79 is oriented towards the solvent such that
its removal would be expected to slightly increase the
reduction potential of the HiPIP [1]. Differences in the
physicochemical properties of the S79P variant and
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Fig. 3 800 MHz 1HNOESY spectrum of oxidized (A) and re-
duced (B) S79P variant of C. vinosum HiPIP. These expanded
regions highlight the connectivities between hyperfine shifted sig-
nals b’, d’ and e’ (c, w and v, in the reduced form), belonging to
Cys77 Hb1, Hb2 and Ha, in that order. For the reduced form, the
assignment of the other cysteine protons is also reported. The
spectra were recorded in 50 mM potassium phosphate/99.95%
D2O, pH 7.4, at 290 K

rcWT HiPIPs can thus be ascribed to modification of
the amide group 79.

In oxidized HiPIPs, the ferric versus mixed-valence
character of each iron in the cluster, and thus their rela-
tive reduction potentials, can be estimated from the
chemical shifts and temperature dependences of the hy-
perfine shifted resonances of the b-CH2 protons of the
cluster-ligating cysteines [39]. Inspection of Table 3 re-
veals that the substitution at position 79 shifted the b-
CH2 protons of Cys77 slightly upfield and shifted those
of Cys46 slightly downfield with respect to those of the
rcWT protein. The magnitude of these differences indi-
cates that the iron bound to Cys77, which is 40% ferric
in rcWT, was 45% ferric in the S79P variant and that
the iron bound to Cys46, which is 60% ferric in rcWT,
was 55% ferric in the S79P variant.

The effect of the position 79 substitution on the elec-
tron distribution of the cluster is therefore modest, and

similar in magnitude to that of the modification of a
surface charge. For example, the substitution of a sin-
gle-charged surface residue in Ectothiorhodospira halo-
phila HiPIP-I, which altered the reduction potential of
this protein by up to 50 mV, altered the ferric character
of individual irons by no more than 5 percentage points
[3]. In contrast, the substitution of the cluster-ligating
Cys77 of C. vinosum HiPIP with serine, which de-
creased the reduction potential by 25 mV, increased the
ferric character of the iron ligated to residue 77 from
40% in oxidized rcWT to 55% in the oxidized C77S
variant and decreased the ferric character of the iron
ligated to residue 46 from 60% to 45% [22]. The effect
of the substitution at position 79 on the microscopic re-
duction potentials of the individual cluster irons thus
appears to be of a general electrostatic nature, despite
the fact that amide 79 interacts specifically with the
Cys77 ligand and that specific mutation of the latter re-
sidue significantly altered the microscopic reduction
potential of the iron coordinated to that residue.

Coulomb’s law predicts that electrostatic effects de-
pend weakly on distance, varying with 1/r between the
two charges. In this respect, the amide proton of Ser79
is 2.70 Å from the Sg of Cys77, 4.32 Å from the iron
bound to Cys77 and 8.30 Å from the farthest cluster
atom, Sg of Cys43. These distances differ by only a fac-
tor of three, indicating that the amide proton of Ser79
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Fig. 4 800 MHz 1HNMR
spectra of reduced rcWT (A)
and S79P variant (B) C. vino-
sum HiPIPs The spectra were
recorded in 50 mM potassium
phosphate/99.95% D2O,
pH 7.4, at 290 K. The assign-
ments of the labeled reson-
ances are provided in Table 3

Table 4 Calculated differences in potential energy between rcWT and S79P variant C. vinosum HiPIPsa

OS1/εp1.0 OS2/εp1.0 OS3/εp1.0 OS3/εp1.5 OS3/εp2.0

DDET P281.65 P214.58 P262.34 P163.13 P113.53
DDEbond 2.27 P4.68 P0.37 P0.37 P0.37
DDE(1P4)NB P13.22 2.34 P9.28 P9.28 P9.28
DDEelect P351.65 P127.59 P290.66 P193.78 P145.33
DDEangle 39.46 P24.60 18.77 18.77 18.77
DDE(1–4)el 9.89 P65.34 P6.96 P4.64 P3.48
DDEHbond 7.07 18.41 7.37 7.37 7.37
DDEdihed 7.85 P1.13 7.99 7.99 7.99
DDEvdW 16.70 P11.99 10.80 10.80 10.80

a Calculations were performed as described in Materials and methods using three different charge distributions in the oxidized cluster
(OS1–OS3) and three values of ε for the OS3 case [30]. The units are mV

could contribute to the stabilization of the additional
negative charge on the reduced cluster regardless of the
charge’s precise distribution. However, it is difficult to
quantitatively model electrostatic interactions in pro-
teins owing to the effect of solvent and atomic motions
within the protein. Atomic motions may cause the ef-
fective dielectric within the protein to vary from one
region to another and to vary with distance [4, 40]. De-
spite these limitations, electrostatic effects can be calcu-
lated to within an order of magnitude using atomic re-
solution structures and estimates made of the partial
charges of each protein atom.

An analysis of the calculated difference in potential
energies, DE, between the oxidized and reduced
HiPIPs revealed several interesting trends. Firstly, the
overall calculated difference between the S79P variant
and rcWT HiPIPs, DDET, did not depend strongly on

the charge distribution used to model the oxidized clus-
ter (Table 4). This finding is consistent with the NMR
analysis of the S79P variant, which demonstrated that
the modification of amide 79 did not significantly alter
the electron distribution in the cluster, thereby support-
ing the conclusion that the effect of the substitution at
position 79 does not result from the perturbation of an
interaction with a specific cluster ligand. Secondly, re-
gardless of the charge distribution of the oxidized clus-
ter and the value of ε used in the calculation, the major
influence of the substitution is on the electrostatic com-
ponent of the potential energy. Moreover, the magni-
tude of this difference in the electrostatic energy com-
pares favorably with the difference in enthalpic compo-
nents of the respective reduction potentials of the
rcWT and S79P variant HiPIPs (150 mV).
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Fig. 5 The contribution of in-
dividual main-chain amides to
the difference in electrostatic
potential of reduced and oxid-
ized C. vinosum HiPIPs. The
symbols represent rcWT (---),
S79P variant (——) and the
difference between these two
proteins (}). These data were
obtained from a calculation
using the OS3 oxidized model
versus the reduced cluster
charge distributions and a
dielectric constant, ε, of 1

Evaluation of the contribution of each main-chain
amide group to the electrostatic energy in the rcWT
and S79P variant HiPIPs revealed that the major differ-
ence in this energy arises from the different contribu-
tion of amide 79 in the two proteins (Fig. 5). The mag-
nitude of this difference depended on the partial charge
assigned to the dC of Pro79, varying from 90 mV to
200 mV for partial charges of 0.097 and 0.019, respec-
tively. The striking feature of these data is the relative
magnitude of the difference of this contribution of am-
ide 79 with respect to the differences of the contribu-
tions of the other main-chain amide groups. This sug-
gests that the influence of the position 79 substitution
arises from a direct effect and not an indirect one, such
as might arise from a substitution-induced reorientation
of other main-chain amide groups. These calculations
thus indicate that the difference in reduction potential
between rcWT and S79P variant HiPIPs is due to the
different electrostatic properties of amide 79 in these
proteins.

The calculated electrostatic effect of reducing the
partial charge of amide 79 is of the same order of mag-
nitude as the decrease of the enthalpic component of
the reduction potential observed in the S79P variant
HiPIP. While it cannot be completely ruled out that the
substitution of Ser79 with proline did not induce small
changes in the orientation of other main-chain amide
groups, the current results provide unequivocal experi-
mental evidence that a single main-chain amide group
can contribute as much as 100 mV to the reduction po-
tential of a metalloprotein. The magnitude of this ef-
fect, and the difference in the number of properly
oriented amide groups surrounding HiPIP and Fd clus-
ters (7 and 13, respectively) suggest that these groups
may indeed be the major determinant of the
400–600 mV difference in reduction potential observed
between these two families of Fe4S4 proteins.
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