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The rubredoxin from Clostridium pasteurianum (CpRd) provides an
excellent system for investigating how the protein sequence mod-
ulates the reduction potential of the active site in an iron-sulfur
protein. >N NMR spectroscopy has allowed us to determine with
unprecedented accuracy the strengths of all six key hydrogen
bonds between protein backbone amides and the sulfur atoms of
the four cysteine residues that ligate the iron in the oxidized (Fe'")
and reduced (Fe") forms of wild-type CpRd and nine mutants
(V44G, VA4A, V44l Va4l V8G, V8A, Vs8I, V8L, and V8G/V44G). The
length (or strength) of each hydrogen bond was inferred from the
magnitude of electron spin delocalized across the hydrogen bond
from the iron atom onto the nitrogen. The aggregate lengths of
these six hydrogen bonds are shorter in both oxidation states in
variants with higher reduction potential than in those with lower
reduction potential. Differences in aggregate hydrogen bonding
upon reduction correlate linearly with the published reduction
potentials for the 10 CpRd variants, which span 126 mV. Sequence
effects on the reduction potential can be explained fully by their
influence on hydrogen-bond strengths.

iron-sulfur protein | reduction potential tuning | >N NMR |
paramagnetic NMR

M embers of electron transfer chains, such as those involved
in photosynthesis and respiration, have evolved finely
tuned reduction potentials that facilitate electron transfer with
exceptional specificity and efficiency (1-3). Just how these
proteins achieve the proper setting of the reduction potential
remains a fundamental question. An important category of
electron transfer proteins are the iron—sulfur proteins, whose
reduction potentials range from —700 to +400 mV (4-6).
Different types of iron—sulfur clusters have varying intrinsic
reduction potentials. Within a single cluster type, three major
factors have been advanced in explaining reduction potential
variations: the electrostatic environment of the redox center
provided by surrounding charged residues, hydrogen-bonds (H-
bonds) to the cluster, and the solvent exposure of the redox
center (7-11).

Rubredoxin, whose redox active site consists of a single iron
ligated by four cysteinyl sulfurs, is a member of the simplest type
of iron-sulfur protein. Wild-type rubredoxins can be divided into
two categories on the basis of their reduction potentials. Those
with lower reduction potentials, such as Clostridium pasteuria-
num rubredoxin (CpRd), contain Val at residue 44, whereas
those with reduction potentials ~50 mV higher, such as Pyro-
coccus furiosus rubredoxin (PfRd), have Ala-44 (12, 13). The
covalent character of the iron—sulfur bonds in CpRd and PfRd
has been determined quantitatively by K-edge x-ray absorption
spectroscopy; however, these studies revealed no direct corre-
lation between iron—sulfur covalency and the reduction potential
(14). A further detailed comparison of the crystal structures
ascribed the reduction potential difference to different orienta-
tions of the peptide dipole at residue 44, along with a change in
the distance between the Xaa44 N and Cys-42 S” (15, 16).

NMR offers a sensitive approach for examining redox centers
in iron-sulfur proteins (17, 18). Interactions between the un-
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paired electrons of the iron and the surrounding nuclei are
manifested in NMR spectra by hyperfine shifts. In the case of
CpRd, the N hyperfine shifts of the backbone nitrogens of 12
residues are dominated by Fermi contact coupling, which arises
from delocalization of unpaired electron spin density from the
iron onto the protein through chemical bonds (including H-
bonds) (19, 20). In CpRd, six backbone amides are involved in
H-bonds with Cys S” atoms: residues Val-8, Cys-9, Tyr-11,
Leu-41, Cys-42, and Val-44 (Fig. 1a), and their hyperfine >N
chemical shifts are dominated by electron delocalization through
the Fe-S+-H-N H-bond (19, 20). The >N chemical shifts can
resolve changes in H-bond distances on the order of 0.01 A (19).
Recently, an NMR study of a set of CpRd mutants revealed that
electron delocalization onto the nitrogen of residue 44 varied
with side-chain substitutions at this residue in a way that tracked
changes in the reduction potential of the protein (21). This result
has prompted us to carry out a comprehensive analysis of all six
Fe-S-+HN H-bonds of CpRd in a series of 10 sequence variants
in their oxidized (Fe') and reduced (Fel) states. The question
investigated was whether aggregate changes in H-bond strengths
as reported by trans-H-bond electron delocalization between the
oxidized and reduced states could explain the changes in reduc-
tion potential. We report here that the 126-mV span of reduction
potentials of these 10 rubredoxin variants can be explained fully
by observed changes in the strengths of H-bonds resulting from
the mutations. We show that aggregate changes in multiple
H-bonds, rather than changes in a single H-bond, must be taken
into consideration to explain the full set of data.

Materials and Methods

Site-Specific Mutagenesis. The V44G, V441, V44L, V8G, VS8A,
and V8I mutants were constructed by the overlap extension
method in which gene halves are synthesized with overlapping
ends (22). Two internal complementary primers were synthe-
sized to contain the site to be mutated. Each of these mutagenic
primers was combined with the corresponding end primer to
amplify the half gene fragment in two separate PCR reactions.
The two products were annealed to create a full-length gene
fragment, which was amplified by PCR, digested by restriction
enzyme Ndel and BamH I, and then ligated into a pET3a vector
(Novagen). The ligation plasmid, encoding the mutation, was
subsequently transformed into Escherichia coli strain XL1-Blue
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Fig. 1. The Fe-S center in CpRd. (a) Schematic representation of the H-bond network (blue arrows). The S¥ atoms of the four Cys residues are denoted by S;
the other letters are conventional single-letter amino acid designations. (b) Close-up view of the 3D structure showing the positions of the mutated residues Val-8

and -44.

(Stratagene) for amplification of the plasmid. The construct was
verified by DNA sequencing carried out at the University of
Wisconsin Biotechnology Center. E. coli strain BL21(DES53)/
pLysS (Novagen) was used for general protein expression.

The Stratagene QuikChange II site-directed mutagenesis
method was used to generate the V44A, V8L, and V8G/V44G
mutants. Two synthetic oligonucleotide primers were designed to
contain the desired mutation and to be complementary to the
plasmid template. These mutagenic primers were extended
during thermal cycling by Pfu DNA polymerase (Stratagene).
After the synthesis of the mutation-containing plasmid, Dpnl
endonuclease (Stratagene) was added to digest the methylated,
nonmutated DNA plasmid to remove the original DNA tem-
plate. The final product was transformed into E. coli strains
XL1-Blue (Stratagene) and BL21(DE53)/pLysS (Novagen) for
DNA sequence identification and protein production.

Production of Labeled CpRd Protein Variants. The CpRd mutants
were overexpressed by following procedures similar to those
described in ref. 23. Cells of E. coli BL21(DE53)/pLysS (Nova-
gen), containing mutated CpRd/pET3a, were grown in LB
media with 100 mgliter—! ampicillin (Sigma-Aldrich) and 34
mg-liter—! chloramphenicol (Sigma-Aldrich) at 37°C with vig-
orous shaking. As the Ao of the culture reached 1.3, IPTG was
added to a concentration of 100 mgliter™! to induce protein
expression. After continuous incubation for 2.5 h, the culture was
harvested by centrifugation, and the cell pellets were resus-
pended in 50 mM Tris-Cl buffer (pH 7.4).

Selective labeling patterns were achieved by residue-specific
and inverse residue-specific labeling (24). By manipulating the
composition of the growth medium, protein can be either
uniformly labeled with *N or selectively labeled with a specific
amino acid containing ®N. The medium used for uniform
I5N-labeling was M9 containing "NH4Cl. Residue-specific la-
beling was accomplished with standard M9 plus a mixture of all
amino acids at natural abundance with the exception of that to
be labeled. The ’N-labeled amino acid was added to the culture
at the time of induction. For inverse residue-specific labeling, the
protein was grown in the uniform 'N-labeling medium. At the
time of induction, a natural abundance (!*N) amino acid was
added, which resulted in reduction of the N NMR signal
intensity from that residue type.

To enhance the yield of holoprotein, the iron center was
reconstituted in vitro. Cells were lysed by a freeze—-thaw cycle
followed by sonication. After adding urea to a final concentra-
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tion of 8 M, the cell lysate was stirred for ~2 h at room
temperature to allow protein denaturation. The mixture was
then degassed by alternately applying vacuum and purging with
argon gas. Degassed DTT (Sigma-Aldrich) was added to a final
concentration of 100 mM to ensure a reducing environment.
Under flushing with argon gas, FeCl; was added until a black
precipitate formed. The mixture then was stirred for another 10
min under purging argon gas. Next, it was diluted eightfold into
degassed 50 mM TrisCl buffer (pH 7.4), and finally it was diluted
twofold into undegassed buffer to allow protein refolding and
iron center reconstitution.

The rubredoxin-containing mixture was centrifuged and fil-
tered to remove precipitates. The supernatant was loaded onto
a DES3 anion exchange column, and the refolded holoprotein
was subsequently eluted with an NaCl gradient in 50 mM Tris-Cl
buffer (pH 7.4). The eluate was subjected to further purification
by gel filtration.

NMR Spectroscopy. All 1D SN NMR spectra were acquired at
20°C on a DMX500 spectrometer (Bruker, Billerica, MA) with
a 5-mm broadband probe. The buffer was 50 mM potassium
phosphate (pH 6.0) and 90% 'H,0/10% 2H,O for all mutants
and wild-type CpRd. To suppress diamagnetic signals, the
SuperWEFT pulse sequence (25) was used for samples in the
oxidized state, and the one-pulse sequence with short repeti-
tion time (=~20 ms) was used for samples in the reduced state.
Reduced protein was prepared by adding small amounts of
solid sodium dithionite to the protein solution under anaerobic
conditions. The chemical shift of 1N was indirectly referenced
to internal 2,2-dimethyl-2-silapentane-5-sulfonate by using
the SN/'H ratio = 0.101329118 (data source: www.bmrb.
wisc.edu).

Theoretical Calculations. A tetrahedral computer model of iron
tetramethylthiolate was constructed by using the Fe-S bond
lengths from the oxidized and reduced bis(o-xylyl-aa’-
dithiolato)ferrate(IL,III) anion crystal structures (26). To model
an H-bonded amide, one methyl formamide was added to the
structure. With the Fe-S cluster held rigidly, the geometry was
optimized. For each of the oxidation states (Fe'' and Fe'll), an
additional four models were created by increasing the distance
between the amide H and the sulfur atom by 0.1-A increments
away from the optimized H-bond distance. In each model, the
methyl formamide(s) was reoptimized with the Fe-S cluster
geometry and H-S distance held rigidly. This procedure main-
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Fig. 2. Shown are 1D >N NMR spectra of CpRd variants. (a) Series of variants at

position 44. (b) Series of variants at position 8. (c) Double mutant V8G/V44G.

The reduction potentials indicated are those determined for these proteins by square wave voltammetry by Wedd and coworkers (16).

tained the difference in H-bond length between each pair of
models for the oxidized and reduced state. The level of theory
was B3LYP/6-31g**. The GAUSSIAN 2003 program (revision B.04;
ref. 27) was used in performing all calculations.

The lengths of four of the six HN-+-SY H-bonds were estimated
(20) from the paramagnetic component (largely Fermi-contact)
of the observed >N chemical shift. Covalent bond effects on the
I5N chemical shifts of the two H-bonded Cys residues (Cys-9 and
-42) prevented estimates of their H-bond lengths. The HN---S¥
H-bond distance for oxidized dox and reduced d;.q CpRd were
estimated from theory as

dox =3.100 — [1.03 X 103 X (8" Nypsa — 8Ny 1,  [11
and
dreqg = 3.188 —[2.63 X 1073 X (8" Nypea — 8" Nai)1, 21

where PNy is the experimental shift and PNy;, is the diamag-
netic N chemical shift for the residue type from Biological
Magnetic Resonance Data Bank (www.bmrb.wisc.edu).

Lin et al.

Results

Measurement of >N NMR Hyperfine Chemical Shifts. Hyperfine
ISN NMR spectra were collected for wild-type CpRd and
mutants of CpRd at two residues (Val-8 and -44) that partic-
ipate in Fe-S-+HN H-bonds (Fig. 1b): V44G, V44A, V441,
V44L, V8G, V8A, V8I, V8L, and V8G/V44G. Spectra were
obtained for all 10 proteins in both their oxidized and reduced
states. The hyperfine N spectral regions of these oxidized and
reduced CpRd variants, ordered according the residue(s)
mutated and within classes by their reduction potentials
(16), (Fig. 2) exhibit striking chemical shift changes. For each
variant, all N hyperfine-shifted signals were assigned by
residue-specific ’N-labeling or inverse residue-specific °N-
labeling (I.-J.L., B. Xia, D. S. King, T E.M., WM.W., and
J.L.M., unpublished data). All signals were assigned to residue
type, and most were given sequence-specific assignments (see
Table 1, which is published as supporting information on the
PNAS web site). The predicted HY-+-S¥ bond lengths are
tabulated in Table 2, which is published as supporting infor-
mation on the PNAS web site.

PNAS | October 11,2005 | vol. 102 | no.41 | 14583
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Correlation of '>N Shifts with Reduction Potentials. In the Val-44
series of variants, in both their oxidized and reduced states, the
1SN 'NMR signal exhibiting the largest dependence on amino acid
sequence was that of the mutated residue (Fig. 2a). All variants
at position 44, with the exception of V44L, exhibited a progres-
sive increase in the N hyperfine shift as a function of increased
reduction potential of the protein. On the basis of the N
hyperfine shift data, mutation of residue Val-44 of CpRd to Ile,
Ala, or Gly decreases the length of the H-bond in the oxidized
protein by 0.11, 0.29, and 0.47 A, respectively (Table 2). Changes
observed in other residues indicated changes in H-bonding, but
they did not track the reduction potential. Although the hyper-
fine shift at residue 44 for V44L failed to follow the trend with
reduction potential, the N signal from residue Val-8 in that
mutant showed a large upfield shift (Fig. 2a). This result
indicates that, although the H-bond from residue 44 to the
iron—sulfur cluster becomes shorter in oxidized V44L, the H-
bond from residue Val-8 becomes longer.

In the series of Val-8 variants, both V8I and VSL exhibited N
hyperfine shifts and reduction potentials similar to those of
wild-type CpRd in oxidized and reduced states (Fig. 2b). Sub-
stitution of Val-8 by Ala or Gly resulted in large spectral changes
(Fig. 2b) as well as large changes in the reduction potential. With
increasing reduction potential the N hyperfine shifts of resi-
dues Xaa8, Tyr-11, and Leu-41 moved to higher frequencies in
the oxidized state, whereas the >N hyperfine signals from
residues 8 and 41 moved to higher frequencies in the reduced
state. In the oxidized Xaa8 variants, the 8HN---S6 (HN of
residue 8 H-bonded to the S of residue 6), 11HN-S9, and

41HN---S739 bonds tend to be shorter in mutants featuring
higher reduction potentials. In the reduced state, both H-bonds
(8HN-+-S76 and 41HN---S739) tend to be shorter in variants with

higher reduction potential.

Spectra of the double mutant (V8G/V44G) displayed clear
differences from the wild-type spectra in both oxidation states
(Fig. 2¢). Replacement of both Val-8 and -44 with Gly shifts
the reduction potential from —77 to +39 mV (a change of
+116 mV), the highest reduction potential among all CpRd
variants (16).

Aggregate >N Hyperfine Shift Differences. Because the data show
that changes can occur in all six H-bonds, to investigate the
influence of H-bonds on the reduction potential in each variant
we have subtracted the sum of the hyperfine shifts in the reduced
state from the sum of the hyperfine shifts in the oxidized state.
We use the symbol A% to denote this value

AES = Esi,ox - ZSi,red' [3]

Because this procedure takes into account signals from all
Fe-S-HN H-bonds, the approach provides a rigorous analysis
even given unambiguous sequence-specific assignments for the
signals from Cys-9/Cys-42 in all variants and Gly-8/Gly-44 in the
double mutant (Table 1). Given the >N hyperfine shift has an
approximate linear relationship with the H-S distance in H-
bonds to the iron—sulfur cluster in CpRd (20), and that shorter
H-bonds are stronger than longer H-bonds, changes in the
hyperfine shifts of N atoms involved in H-bonds can be
interpreted in terms of changes in strengths of the H-bonds. As
discussed below, for small changes in the H-bond length, the
energy changes in a roughly linear fashion.

The reduction potential is related to the energy differences
between the reduced and oxidized states of the molecule.
Because the sum of the N hyperfine shifts of the H-bonded
residues in a given oxidation state reflects the total strengths
of the H-bonds, the difference between the sums of the
hyperfine shifts in the reduced and oxidized states represents

14584 | www.pnas.org/cgi/doi/10.1073/pnas.0505521102
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Fig. 3. Plot of AX, the difference (oxidized — reduced) of the summed >N
chemical shifts of each H-bonded nitrogen (">N signals from residues 8, 9, 11,
41, 42, and 44) for each of the 10 CpRd variants vs. the reduction potential of
the variant. The circles represent the Val-44 series of variants; the triangles
represent the Val-8 series of variants; and the diamond represents the double
mutant (V8G/V44G). The solid line is the best linear fit to the full set of data.
The results indicate that the reduction potential within a series can be pre-
dicted from the AX§ value, which reflects the contribution of H-bonding
energy. As noted in the text, significantly better linear fits can be obtained by
considering the Val-44 and -8 series separately, as shown by the dashed lines.

the contribution of changes in H-bonding to the energy
difference or reduction potential. The correlation between the
difference of the sums of hyperfine shifts in two oxidation
states and the reduction potential is linear for the series of 10
variants investigated (Fig. 3). This finding suggests that the
mechanism for transmitting the effect of the side-chain sub-
stitution(s) to the iron center is mediated largely by changes in
H-bond strengths. The slope of the line is 0.20 mV-ppm~! (12
= 0.86). Better linear correlations are achieved by fitting the
data from the Val-44 and -8 series individually (excluding the
double mutant) to lines with different slopes: Val-44 series
(0.24 mV-ppm~!, 2 = 0.97) and Val-8 series (0.16 mV-ppm ™1,
r> = 0.98). The double mutant falls on the line for the Val-44
series.

Theoretical Calculations. We carried out quantum chemical cal-
culations to investigate the theoretical basis for the observed
results. A harmonic oscillator model of the energy as a function
of the H-S distance yielded a quadratic term for the reduced
state ~15% larger than that for the oxidized state. This result
indicates that as the H-bond becomes shorter, the energy of the
reduced state decreases faster than that of the oxidized state and
results in a shift of the reduction potential to more positive
values, as observed in the experimental data.

Z o
25
§-10
5-15
i
o
0 50 100 150 200
AZ5 (ppm)

Fig. 4. Plot of the theoretical (oxidized — reduced) hyperfine shifts (A%3 in
analogy with Fig. 3; however, here the sum is over a single H-bond) vs. the
theoretical reduction potential (gas phase) for iron tetramethylthiolate with
an H-bonded methyl formamide as a model of the rubredoxin redox center.
The solid line is a linear regression analysis (> = 0.89). The values are relative,
with the largest set equal to 0 mV.
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The fact that the sum of the N hyperfine shifts can be used to
estimate the total H-bond strengths in a given mutant suggests the
redox center of CpRd can be modeled in terms of a single amide
moiety with a H-bond to a sulfur atom in a cluster model such as
iron tetramethylthiolate. To examine the relationship between the
reduction potentials and the H-bond strengths, we calculated the
gas-phase reduction potential and the A8 for a series of two such
models (Fe'' and Fe) with increasing N-H--S H-bond lengths.
The crude theoretical model yielded a linear slope of 0.08
mV-ppm~! (Fig. 4).

Discussion

Detailed comparison of available x-ray crystal structures of
CpRd variants has revealed that slight changes in the structure
surrounding the iron-sulfur cluster are responsible for the
range of observed reduction potentials (15, 16, 28). In our
study, N hyperfine shifts were used to detect subtle changes
in HN-+S” bond lengths in CpRd variants. The >N hyperfine
shifts report changes in HN-+-S¥bond lengths at the iron center
with remarkable sensitivity: a change in HN++S¥ bond length
of only 0.1 A changes the >N hyperfine shift by nearly 90 ppm
(20). Each hyperfine shift characterizes the interplay of a
specific nucleus with the delocalized unpaired electrons of the
iron—sulfur cluster. By using a variety of labeling strategies, we
have assigned the well-resolved hyperfine shifts unambigu-
ously to specific amino acid residues. The hyperfine shifts
arising from this interaction serve as “fingerprints” of the
protein in the vicinity of iron—sulfur cluster.

For each of the 10 variants, the difference (oxidized —
reduced) between the sums of hyperfine N chemical shifts of
the six amides involved in Fe-S-+-H-N H-bonds provided a
measure of the changes in H-bonding. The high degree of
correlation between these A6 values and with the reduction
potentials of the CpRd variants (Fig. 3) indicated that H-
bonding can account fully for the modulation of reduction
potential. The experimental slopes (Fig. 3) were 0.20
mV-ppm~! for the CpRd Val-44 series of variants and 0.17
mV-ppm~! for the CpRd Val-8 series. The calculated differ-
ences between the reduced and oxidized spin densities and
energies (Fig. 4) provide a theoretical analogy with the
experimental data shown in Fig. 3. Although the sophistication
and accuracy of the model might be increased by the use of
continuum solvent methods, it is clear that this simple model
captures the essence of the modulation of the reduction
potential by the change in the length/strength of the H-bond.
The experimental data (Fig. 3) may appear more linear than
the theoretical curve (Fig. 4) because they represent the
summed effects of multiple H-bonds of varying strength.

In wild-type CpRd, V441, V44A, and V44G, the length of a
single H-bond, 44HN--S742, was found to shorten in propor-
tion to more positive reduction potential values. Because
changes in the other H-bonds are minimal, the fine tuning of
the reduction potential in this limited number of variants can
be attributed to variations in this one H-bond. In other CpRd
variants investigated, changes were observed in the lengths of
more than one H-bond. In mutant V44L, the effect of length-
ening of the 44HN--$742 bond is compensated by the effect of
shortening of the 8HN---S”6 bond. These H-bonds coopera-
tively regulate the reduction potential in the V44L mutant. In
the case of Val-8 series of variants, a correlation was observed
between the shortening of multiple H-bonds and higher re-
duction potential. The slopes of the plots of AX§ vs. the
reduction potential (Fig. 3) are slightly different in the two
series of mutants. One possible interpretation of this result is
that the H-bond effect in the Val-8 series (represented by A3.8)
is offset by an opposing energetic factor that alters the relative
stabilities of the oxidized and reduced states in a manner that
scales with the aggregate strengths of the H-bonds. Steric

Lin et al.

strain induced by tightening of the iron-center H-bonds offers
a possible mechanism with the required properties. Because
residue 8 is located in the Cys-X-X-Cys loop, its motion
presumably is more restricted than that of residue 44, which is
located outside the two Cys-X-X-Cys loops (Fig. 1la). Thus, a
decrease in the length of the residue 8 H-bond may lead to an
increase in steric strain, whereas the residue 44 H-bond length
may have little or no steric coupling. The finding that the
double mutant (V44G/V8G) falls on the line with the V44
series can be explained by its lack of strain as the result of the
V44G substitution.

Although modulation of the reduction potential by H-
bonding was observed in both the Val-44 and -8 series of
variants, the Val-44 series offers the simpler paradigm for the
manipulation of the reduction potential. By varying the length
of a single H-bond supplied by residue 44, the reduction
potential in CpRd can be varied by nearly 80 mV. By contrast,
mutations at position 8 affect H-bonds at other sites in addition
to 8. Unlike residue Val-44, which forms the only backbone
amide H-bond to the S¥ atom of residue Cys-42, the backbone
amides of both residues Val-8 and Cys-9 form H-bonds to the
SY atom of residue Cys-6 (Fig. 1b). Residue Val-8 is thus
coupled more tightly to the H-bonding network of the iron—
sulfur cluster than residue Val-44. Hence, mutations at residue
8 lead to more extensive effects around the iron—sulfur cluster.
In nature, whereas position 8 is conserved in different species
as Val, Ile, or Leu (substitutions that change the reduction
potential by =5 mV), position 44 is generally Val or Ala (a
substitution that changes the reduction potential by 53 mV). It
may be too energetically expensive and destabilizing to mod-
ulate the reduction potential by substitutions at the Val-8 site.
By contrast, the overall structural insensitivity to mutations at
position 44, except for V44L, allows for efficient manipulation
of the reduction potential by changing the amino acid residue,
without accompanying structural changes. In the Val-44 series,
V44L is the only mutation that leads to appreciable changes in
multiple H-bonds.

In the case of double mutation, neither the reduction
potential nor the H-bonding change can be predicted from
adding the effects of the individual mutations. The change in
the reduction potential for the double mutant (116 mV) is less
than the sum of the reduction potential changes for the single
mutants (70 mV + 77mV = +147 mV). Parallel to this finding,
the H-bond contribution to the reduction potential as mea-
sured by A3 is much less for the double mutant (A28 = 817
ppm) than for the sum of the two single mutants (AX8 = 1,472
ppm for the sum of A%6 = 846 ppm for V8G plus AZ8 =
626 ppm for V44G).

It is clear that H-bonds can play an important role in the
modulation of reduction potentials in iron—sulfur proteins. In all
cases the average HN--SY bond length was observed to be
shorter in variants that have higher reduction potentials. This
finding is intuitively satisfying in that shorter H-bonds allow for
more efficient delocalization (and stabilization) of the negative
charge in the reduced state. Observed changes in H-bond lengths
are sufficient to explain the reduction potentials in this series of
10 CpRd variants investigated here. The results show that the
reduction potential of CpRd can be modulated by as much as 126
mV by altering one or more H-bond lengths. The simple linear
correlation between difference of sums of N hyperfine shifts,
and the reduction potential observed in this study offers the basis
for further exploitation in the bioengineering field. Further-
more, these results permit the interpretation of the structural
roles played by residues 8 and 44 in determining the functional
properties of rubredoxin. The present work not only provides
insight into the elucidation of sequence—structure—function re-
lationship in CpRd but also shows the versatility of NMR as a
sensitive tool for the study of metal-containing biomolecules. It
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will be of interest to test the HY---S¥bond lengths predicted from
the "N chemical shifts (Table 2) as suitable diffraction methods
become available.

It will be of interest to determine whether the approach used
here, quantitative analysis of H-bonding from measurements
of hyperfine NMR shifts, is applicable to other types of metal
centers in proteins. H-bonding has been shown to affect
reduction potentials in blue-copper proteins, as demonstrated
by comparisons of proteins from different species (29) and
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