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Abstract: An analysis of the magnetic field dependence of one-bond couplings has yielded the magnetic
susceptibility anisotropies forClostridium pasteurianumrubredoxin (Rdx) in its oxidized Fe(III) and reduced
Fe(II) states. Experimental one-bond1HN-15N and1HR-13CR couplings were measured at two field strengths
(corresponding to 400 and 750 MHz1H frequencies) and decomposed into their field-independent scalar (1J)
and field-dependent dipolar (1D) components. The total numbers of measured dipolar couplings (1HN-15N
plus1HR-13CR) were 50 for oxidized Rdx and 49 for reduced Rdx. The atom pairs giving rise to these signals
are located>11 Å from the iron; those closer to the iron are too broad to be resolved in two-dimensional
NMR spectra and may exhibit large Fermi contact shifts. A five-dimensional grid search and Powell minimization
of the difference between each set of measured dipolar couplings and those calculated from an X-ray crystal
structure of Fe(III) Rdx yielded the magnitude and orientation of the magnetic susceptibility anisotropy in
each oxidation state. (The data for Fe(II) Rdx were analyzed in terms of the X-ray structure for Fe(III) Rdx
because no X-ray coordinates were available for the reduced rubredoxin. The assumption underlying this
approximation, that the conformations of the oxidized and reduced rubredoxin are very similar in protein
regions>11 Å from the iron, was validated by comparisons of experimental and calculated pseudocontact
shifts.) The axial and rhombic magnetic susceptibility anisotropies were 5.3× 10-28 and 2.1× 10-28 cm3/
molecule, respectively, for oxidized Rdx, and 20.3× 10-28 and 9.7× 10-28 cm3/molecule, respectively, for
reduced Rdx. The derived susceptibility tensors were then used to calculate the pseudocontact contributions to
the backbone1HR and 1HN chemical shifts of Rdx in the two oxidation states. Oxidation-state-dependent
pseudocontact shifts were found to account fully (within experimental error) for the experimental chemical
shift differences exhibited by these backbone signals. Thus, the results are consistent with the absence of
appreciable conformational differences between Fe(III) Rdx and Fe(II) Rdx in the protein regions represented
by the NMR data (>11 Å from the iron).

Introduction

Rubredoxins represent the simplest type of iron-sulfur
proteins, in that they contain a single iron ion ligated by sulfur
atoms from a surrounding cage of four cysteine residues. These
small proteins are strongly paramagnetic in both accessible
oxidation states. Both oxidized rubredoxin (S) 5/2) and reduced
rubredoxin (S ) 2) adopt high-spin electronic configurations.
The rubredoxin fromClostridium pasteurianum(Rdx), molec-
ular weight 6100,1 is one of the best-studied members of this
family. The X-ray crystal structure of Fe(III) Rdx has been
solved and refined to a resolution of 1.1 Å.2-4

Rdx has been expressed inEscherichia coli,5 and we have
recently developed efficient biosynthetic methods for labeling
Rdx uniformly and selectively with stable isotopes for NMR
investigations.6 Using these labeled samples, we have assigned
1H, 2H, 13C, and 15N signals in both the diamagnetic7,8 and
paramagnetic spectral regions.9 The chemical shifts of amide
nitrogens that hydrogen bond to cysteine sulfur atoms ligated

* To whom correspondence should be addressed. E-mail: markley@
nmrfam.wisc.edu. Phone: 608-262-3173. Fax: 608-262-3759.

† Department of Biochemistry, University of Wisconsin-Madison.
‡ Graduate Program in Biophysics, University of Wisconsin-Madison.
§ University of Pennsylvania School of Medicine.
⊥ National Center for Toxicological Research.
| Current address: The Scripps Research Institute, La Jolla, CA.
(1) Petillot, Y.; Forest, E.; Mathieu, I.; Meyer, J. P.; Moulis, J.-M.

Biochem. J.1993, 296, 657-661.

(2) Watenpaugh, K. D.; Sieker, L. C.; Jensen, L. H.J. Mol. Biol. 1979,
131, 509-522.

(3) Watenpaugh, K. D.; Sieker, L. C.; Jensen, L. H.J. Mol. Biol. 1980,
138, 615-633.

(4) Dauter, Z.; Wilson, K. S.; Sieker, L. C.; Moulis, J.-M.; Meyer, J. P.
Proc. Natl. Acad. Sci. U.S.A.1996, 93, 8836-8840.

(5) Mathieu, I.; Meyer, J. P.; Moulis, J.-M.Biochem. J.1992, 285, 255-
262.

(6) Xia, B.; Westler, W. M.; Cheng, H.; Meyer, J. P.; Moulis, J.-M.;
Markley, J. L.J. Am. Chem. Soc.1995, 117, 5347-5350.

(7) Volkman, B. F.; Prantner, A. M.; Wilkens, S. J.; Xia, B.; Markley,
J. L. J. Biomol. NMR1997, 10, 409-410.

(8) Prantner, A. M.; Volkman, B. F.; Wilkens, S. J.; Xia, B.; Markley,
J. L. J. Biomol. NMR1997, 10, 411-412.

(9) Wilkens, S. J.; Xia, B.; Weinhold, F.; Markley, J. L.; Westler, W.
M. J. Am. Chem. Soc.1998, 120, 4806-4814.

4677J. Am. Chem. Soc.1999,121,4677-4683

10.1021/ja990079b CCC: $18.00 © 1999 American Chemical Society
Published on Web 04/24/1999



to the iron have been shown to exhibit large one-bond isotope
effects transmitted through the hydrogen bond.6,10 In addition,
relaxation rates of the backbone15N signals of Rdx have been
measured in both oxidation states.11 The large1H, 2H, 13C, and
15N hyperfine shifts dominated by Fermi contact interactions,9

the isotope effects on15N shifts,10 and the deviations of
relaxation rates from a pure dipole-dipole model11 have all been
modeled successfully by hybrid density functional analysis of
a 104-atom fragment of Rdx derived from the X-ray structure.
However, the sizable chemical shift differences between signals
in the diamagnetic regions of Fe(II) Rdx and Fe(III) Rdx7,8

remained unanalyzed. These sharp peaks with oxidation-state-
dependent chemical shifts are assigned to nuclei located>11
Å from the iron. The chemical shift differences could arise from
conformational differences in the oxidized and reduced protein
or from electron-nuclear dipole-dipole interactions (pseudo-
contact shifts).

It has been reported that the differences between the X-ray
structures of Fe(III) Rdx and Fe(II) Rdx are small, although
the coordinates for the reduced protein have not yet been
released.4 Coordinates are available, however, for the oxidized
and reduced forms of the thermostable rubredoxin fromPyro-
coccus furiosus; in this rubredoxin, the most significant structural
differences are in the positions of atoms close to the iron center,
as the result of increased iron-to-sulfur bond distances (average
of 0.04 Å) and decreased amide proton-to-sulfur H-bond
distances (average of 0.09 Å) upon reduction.12 Molecular
dynamics simulations also predict that the structural differences
between the oxidized and reduced forms of Rdx are localized
to the region surrounding the Fe-S center.13

The unpaired electron spin density in paramagnetic proteins
such as Rdx exhibits strong (hyperfine) interactions with nearby
NMR-active nuclei. These strong interactions are manifested
by large perturbations in chemical shifts of the nuclei and by
efficient relaxation mechanisms that broaden signals and
interfere with conventional coherence transfer experiments.
Although they pose serious impediments to the standard
approaches to protein structure determination in solution by
NMR spectroscopy, which are based on pairwise nuclear-
nuclear interactions (nuclear Overhauser effects and spin-spin
couplings), the electron-nuclear interactions contain other kinds
of information.14 Through-space, metal-centered, dipolar interac-
tions in proteins have been studied for over 25 years.15 In heme
systems, anisotropic magnetic susceptibility tensors determined
experimentally from an analysis of pseudocontact shifts16 have
been used to refine structures on the basis of minimizing
calculated and experimental pseudocontact shifts. This approach
has been applied to studies of the docking of cytochromeb5

with cytochromec,17 refinement of the solution structure of
horse heart ferricytochromec by the addition of paramagnetic
dipolar constraints,18 and an investigation of conformational
changes in horseradish peroxidase induced by substrate bind-

ing.19 In addition, Bertini et al. have employed both chemical
shift (pseudocontact)20-25 and longitudinal relaxation rates26

resulting from hyperfine interactions as constraints in protein
structure determinations.

A recent approach has been to exploit the partial ordering of
molecules in high magnetic fields to gain information on
structure and dynamics from residual nuclear dipolar coup-
lings.27-34 Dipolar couplings report on the magnitude and
orientation of the internuclear dipolar vector relative to an
internal molecular coordinate system. Initial approaches utilized
the inherent tendency of some biomolecules to orient with the
magnetic field,27-31 while subsequent applications utilized liquid
crystal media to obtain partial ordering of virtually any
sample.32,33,35-38

For direct magnetic ordering, the degree of alignment depends
on the magnitude of the external field and the anisotropy of the
molecular magnetic susceptibility tensor,∆ø. As the result of
partial alignment, the nuclear-nuclear dipolar couplings no
longer average to zero. The magnitudes of the resulting
couplings are proportional to the square of the external magnetic
field. In the case of a molecule with a known anisotropy but an
unknown structure, the set of dipolar couplings can be used to
investigate the structure and local dynamics of the molecule.31

In the case of a rigid molecule with a known structure, the
dipolar couplings can be used to determine the magnetic
susceptibility anisotropy.30 In paramagnetic molecules, the
magnetic susceptibility anisotropy can be used to calculate the
dipolar (pseudocontact) contributions from the paramagnetic
center to the observed chemical shifts.15,16,19,27,39,40

In this study, we have measured one-bond1HΝ-15N and
1HR-13CR couplings in oxidized and reduced Rdx at multiple
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magnetic field strengths. This has enabled the decomposition
of these couplings into their scalar and dipolar components. The
dipolar couplings have been analyzed in terms of the three
structural models for Fe(III) Rdx determined by X-ray crystal-
lography and available from the Protein Data Bank to yield the
magnetic susceptibility anisotropies. The fitted values for
magnetic susceptibility anisotropies were then used to predict
pseudocontact contributions to1H chemical shifts of both
oxidation states for comparison with the observed chemical shift
differences. The results indicate that, for residues distant enough
from the iron center in Rdx not to experience significant contact
interactions or broadening, the redox-dependent chemical shift
differences can be explained adequately by electron-nuclear
dipolar effects (oxidation-state-dependent differences in pseudo-
contact shifts) without any need to postulate conformational
differences.

Experimental Procedures

Sample Preparation.Previously published procedures6 were used
for the heterologous production fromEscherichia coliof samples of
Clostridium pasteurianumrubredoxin (Rdx) labeled uniformly with15N
and 13C. The apoprotein was purified and reconstituted with iron to
yield Fe(III) Rdx. Solutions of oxidized rubredoxin were reduced by
adding excess solid sodium dithionite. All experiments discussed below
were performed on 5 mM protein samples in 100 mM potassium
phosphate buffer with 100 mM KCl at pH 5.0. The isotopic composition
of the solvent was 90% H2O/10% D2O in all samples, except for
oxidized13C-labeled Rdx, where it was 99.9% D2O.

NMR Spectroscopy.All NMR spectra were recorded at 10°C on
Bruker DMX750, DMX600, and DMX400 spectrometers equipped with
1H/15N/13C or 1H/15N/13C/31P probes andZ- or three-axis pulsed field
gradient capabilities. Quadrature detection in the indirectly detected
dimensions was obtained with the States-TPPI method.41 Each set of
J-modulated heteronuclear single quantum coherence (HSQC) data was
collected twice as a means of estimating experimental uncertainties.

A quantitativeJ-modulated15N HSQC experiment30 was used to
obtain one-bond1H-15N couplings at 400, 600, and 750 MHz for
oxidized and reduced Rdx. All spectra were acquired with 16 scans
per FID, 128 complex15N points, and 512 complex1H points. Spectral
widths at 750, 600, and 400 MHz were 10 000, 10 000, and 6250 Hz
for 1H and 2500, 2000, and 1333.33 Hz for15N. Series of 2D spectra
were obtained at each field strength with 10 different values for the
J-modulation period 2∆: 45.3, 46.1, 47.5, 48.9, 50.3, 56.5, 57.4, 58.3,
59.9, and 61.0 ms.

A quantitativeJ-modulated13C CT-HSQC experiment42 was used
to obtain one-bond1H-13C couplings at 400 and 750 MHz for oxidized
and reduced Rdx. All spectra were acquired with 16 scans per FID,
128 complex13C points, and 512 complex1H points. Spectral widths
at 750 and 400 MHz were 8333.33 and 5000 Hz for1H and 6250 and
4000 Hz for13C. A series of 2D spectra were obtained at each field
strength with 10 different values of theJ-modulation period 2T - 2∆:
23.2, 23.6, 24.0, 24.4 24.8, 25.2, 25.6, 26.0, 26.4, and 28.0 ms.

All Fourier transformations of NMR data were performed with Felix
95.0 (Molecular Simulations, San Diego, CA). Time domain data in
both dimensions were apodized with a 75° squared, shifted sine bell
function and zero-filled to a final data size of 1024 (1H) × 512 (15N or
13C). The initial value of the incremented delay in each experiment
was calculated to produce a-180° first-order phase correction and a
flat baseline in the indirect dimension.43 All 1H dimensions were
referenced to internal 2,2-dimethyl-2-silapentane-5-sulfonate (DSS).
Indirect 13C and15N dimensions were referenced indirectly to DSS as
previously described.44 Complete1H, 15N, and13C resonance assign-
ments of non-hyperfine-shifted signals were obtained previously for

oxidized and reduced Rdx (BioMagResBank accession numbers 4050
and 4051, respectively).7;8

Determination of One-Bond Couplings.The peak intensities of
resolved signals in the1H-15N and1H-13C 2D spectra were measured
with a suite of Felix macros and scripts written by Dr. Mikael Akke.
Uncertainties in peak intensities were estimated from duplicate
measurements. The Levenberg-Marquardt method was used to obtain
values of 1JNH by fitting peak intensities and the corresponding
dephasing delays (2∆) to the relation

whereA is the initial amplitude of the signal,T2* is the apparent15N
transverse relaxation time, andC accounts for incomplete inversion of
1H magnetization due to pulse imperfection. Similarly, the values of
1JCRHR were obtained from fits to the function

where 2T - 2∆ was the dephasing delay.
Determination of ∆øax and ∆ørh for Rdx. The dipolar couplings

were derived by decomposing the experimental values obtained at 400
and 750 MHz (1H frequency): 1DNH ) 1JNH(750)- 1JNH(400);1DCRHR

) 1JCRHR (750)- 1J CRHR (400). The observed dipolar coupling (1DHX)
can be described in terms of the magnitudes of the axial (∆øax) and
rhombic (∆ørh) components of the magnetic susceptibility tensor and
the Euler anglesR, â, and γ defining its orientation relative to the
Cartesian coordinate frame of the crystal structure. The expression used
to calculate dipolar couplings for a given magnetic susceptibility
anisotropy (∆øax and∆ørh) is

where spherical polar coordinatesθ andφ define the orientation of the
internuclear dipolar vector in the coordinate system of the susceptibility
tensor (defined byR, â, andγ) andC contains the dependence on the
nuclear magnetogyric ratios, the internuclear distance, and the difference
between the squares of the two static magnetic fields, [B0(750)2 - B0-
(400)2].27 The software routine MALIGN, written in-house in FORTRAN-
77, which takes as input data the list of dipolar couplings with the
appropriate residue number and a coordinate file in PDB format, was
used to solve for∆øax, ∆ørh, R, â, andγ.30,45

To analyze the NMR data in terms of the three available X-ray
structures for Rdx (PDB entries 1IRO, 4RXN, and 5RXN), the two
other coordinate sets were superimposed on that for 1IRO to obtain a
common reference frame for the subsequent calculations. For each of
the six sets of input data (NH, CH, and NH+ CH dipolar couplings
for oxidized and reduced Rdx) and each of the three X-ray structures,
a five-dimensional grid search was performed, followed by Powell
minimization starting from the global minimum identified in the grid
search. A series of 150 Monte Carlo simulations was then performed,
from which uncertainties in the fitted values were obtained. An estimate
of the diamagnetic contribution to the magnetic susceptibility anisotropy
of Rdx was calculated from each of the three X-ray structures by
summing the∆øax and∆ørh values of the aromatic and peptide groups.30

Pseudocontact Shift Calculations.Pseudocontact shifts were
calculated for the backbone protons of rubredoxin from the three X-ray
structures of oxidized Rdx and the experimentally determined magnetic
susceptibility anisotropy values for oxidized and reduced Rdx. The
pseudocontact shift in the absence of significant zero-field splitting is
described by the expression

(41) Marion, D.; Wüthrich, K. Biochem. Biophys. Res. Commun.1983,
113, 967-974.

(42) Tjandra, N.; Bax, A.J. Magn. Reson.1997, 124, 512-515.
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174-178.
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140.

(45) Abragam, A.The Principles of Nuclear Magnetism; Oxford Uni-
versity Press: Oxford, 1961;

I(2∆) ) A[C + cos(2π1JNH∆)] exp(-2∆/T2*) (1)

I(2T - 2∆) ) A cos[2π1JCRHR(T - ∆)] (2)

1DHX ) C[∆øax(3 cos2 θ - 1) + 3
2
∆ørh(sin2 θ cos 2φ)] (3)

∆pc ) - 1

3r3[∆øax(3 cos2 θ - 1) + 3
2
∆ørh(sin2 θ cos 2φ)] (4)
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wherer, θ, andφ describe the position of the nucleus in the axis system
of the magnetic susceptibility tensor and∆øax and ∆ørh are its axial
and rhombic components.40 Because the values for∆øax and ∆ørh

obtained from fits to dipolar couplings reflect the contributions of both
the paramagnetic and diamagnetic susceptibility anisotropies of Rdx,
pseudocontact shifts calculated in this manner will not accurately predict
the true values of∆pc for the oxidized or reduced Rdx species
individually. However, if the backbone and aromatic side chains of
Rdx are not significantly displaced, subtracting the∆pc values
calculated for the two oxidation states will remove the contribution
from the diamagnetic susceptibility anisotropy. This calculated chemical
shift difference may then be compared directly with the observed
chemical shift differences between oxidized and reduced Rdx.

Results and Discussion

Field Dependence of1JNH and 1JCRHR Splittings. One-bond
15N-1HN splittings were measured at 400, 600, and 750 MHz,
and13CR-1HR splittings were measured at 400 and 750 MHz.
A portion of one13CR-1HR spectrum is shown in Figure 1, along
with an example of a fit of peak intensities. Figure 2 contains
a summary of the field-dependent contribution to1JNH and
1JCRHR for both oxidized and reduced Rdx, obtained from the
difference between the splittings obtained at 750 and 400 MHz.
A clear field dependence was observed for both oxidized and
reduced Rdx, with the 750-400 difference 2-fold larger than
the 600-400 difference (data not shown), as expected from the
dependence on the square of the field strength. In addition, the
field-dependent contributions are significantly larger for the
reduced form (Figure 2A) than for the oxidized form (Figure
2B) of Rdx.

Magnetic Susceptibility Anisotropy from 1DNH and 1DCRHR
Splittings. The axial and rhombic components of the magnetic
susceptibility tensor,∆øax and∆ørh, and the Euler anglesR, â,
andγ, which describe its orientation in the coordinate frame of
the crystal structure, were obtained from minimization of the
difference between the observed and predicted splittings, as
described by Tjandra et al.30 The global minimum for this
function was found with a five-dimensional grid search followed
by Powell minimization. Uncertainties in the fitted parameters
were estimated from Monte Carlo simulations. The1DNH and
1DCRHR splittings were analyzed separately and in combination
for both the oxidized and reduced forms of Rdx. Initial analysis
of the 1DNH splittings used a six-parameter fit, which included
a constant to account for the possible contribution of cross-
correlation effects (the dynamic frequency shift, or DFS) to the
field dependence of1JNH values.30 For both oxidized and reduced
Rdx, a value of-0.12 Hz was obtained for the DFS contribution
to the difference in1JNH between 400 and 750 MHz. A similar
test was applied to the1DCRHR splittings, but as expected,42 a
negligible DFS contribution was obtained. After the DFS
contribution was subtracted out, the1DNH values were scaled
up by a factor of 2.09 to account for the different magnetogyric
ratios and H-X bond lengths of15N and13C (using 1.02 and
1.08 Å, respectively). The combined1DCRHR and scaled1DNH

splittings were then fitted simultaneously to each Rdx structure.
Examples of the fitting results are shown in Figure 3. Cross-
correlation between Curie spin-nuclear dipole and nuclear
dipole-nuclear interactions has been shown to be another
possible source for DFS.46 However, calculations for both
oxidized and reduced Rdx indicated that this interaction did not
contribute significantly to the observed dipolar couplings; thus,
this effect was ignored in the analysis.

A unique, best-fit orientation of the susceptibility tensor for
Fe(II) Rdx is clearly identified in Figure 3A, which shows the
reduced error,Ev, as a function of the Euler angles,R andâ.
Another way to evaluate the degree to which a set of data is

(46) Ghose, R.; Prestegard, J. H.J. Magn. Reson.1997, 128, 138-143.

Figure 1. (A) Portion of the 750-MHz 2D1JCRHR-modulated13C-1H
CT-HSQC spectrum of Fe(II) Rdx, recorded with a total dephasing
delay of 24.4 ms. Dotted contours represent negative intensity, and
the signal corresponding to Val24 is boxed. (B) The intensity of the
signal from Val24 is plotted as a function of the total dephasing delay,
and the point corresponding to the spectrum shown in (A) is boxed.

Figure 2. Summary of field-dependent splittings measured for
rubredoxin, plotted as a function of residues number. C-H and N-H
splittings are shown as filled and open circles, respectively. (A) Field-
dependent splittings for Fe(III) Rdx. (B) Field-dependent splittings for
Fe(II) Rdx.
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consistent with a single set of susceptibility anisotropy param-
eters is to plot the experimental splittings versus splittings
calculated from the fitted parameters. Such correlation plots for
fits of the combined NH and CH data to the 5RXN crystal
structure are shown in Figure 3B,C for oxidized and reduced
Rdx, respectively. All six combinations of dipolar splitting data
were fitted to the three high-resolution X-ray structures of Rdx
available from the Protein Data Bank. The results are sum-
marized in Table 1. Also shown in Table 1 are the nonpara-
magnetic contributions to the magnetic susceptibility anisotropy
from aromatic and peptide bonds, as calculated from each of
the three crystal structures of Rdx.2-4

The measured magnetic susceptibility anisotropy of reduced

(S) 2) Rdx is nearly 4 times that of oxidized (S) 5/2) Rdx, as
evident from the significantly larger splittings (Figure 2). The
magnitudes and orientations of the measured∆ø values relative
to the 5RXN structure of Rdx are illustrated in Figure 4. The
susceptibility tensor was better defined for Fe(II) Rdx, where
the values derived for all three sets of input data (NH, CH, and
NH + CH) were similar, than for Fe(III) Rdx, where the fitted
parameters varied somewhat with the input data. An indication
of the reliability of the fitted parameters comes from a
comparison of the reduced errors obtained from the five-
parameter fits (Ev) with the reduced error for a model with zero
magnetic susceptibility anisotropy [Ev(0)]. A reduction inEv

of ∼10-fold was obtained for reduced Rdx by fitting to a
nonzero anisotropy, while theEv(0)-to-Ev ratio for oxidized Rdx
was much smaller. This is due, in part, to an apparent
discrepancy between the NH and CH splittings, which individu-
ally appeared to produce good fits but,when combined, led to
only a 2-fold reduction in the reduced error. The difference most
likely stems from the greater relative uncertainty in the measured
dipolar couplings for Fe(III) Rdx than for Fe(II) Rdx.

Fits to the individual NH and CH data sets for reduced Rdx
produced susceptibility tensor orientations that agreed very well
with that obtained from the combined NH and CH splittings,
but magnitudes (∆øax and∆ørh) of the susceptibility anisotropy
obtained from the NH and CH data differed by∼25%.
Disagreement between the magnitudes of the susceptibility
tensors for Fe(II) Rdx derived from the NH and CH dipolar
couplings may reflect differences in the vibrational and libra-

Figure 3. Fitting of the experimental dipolar splittings to the crystal
structures ofClostridium pasteurianumRdx. (A) Contour plot based
on the results of a five-dimensional grid search to find the values of
∆øax, ∆ørh, R, â, andγ, which minimize the difference between the
measured1H-15N and 1H-13C dipolar couplings (1DNH) for reduced
Rdx and those calculated from the 5RXN structure of oxidized Rdx
and the fitted parameters. The reduced error,Ev, is shown as a function
of R and â. Correlations between measured and calculated dipolar
couplings (1DNH and1DCRHR) are shown for (B) oxidized and (C) reduced
Rdx. The calculated values are based on the fitted susceptibility tensor
parameters shown in Table 1 for the 5RXN structure and the combined
NH and CH data. Before simultaneous fitting of N-H and C-H
splittings to the structures,-0.12 Hz was subtracted from the
experimental N-H splittings to account for the field-dependent
contribution of the dynamic frequency shift (DFS). The corrected N-H
splittings were then multiplied by a factor of-2.0904 to account for
the ratio of the magnetogyric ratios of13C and 15N as well as the
difference in1H-15N and1H-13C bond lengths. The linear least-squares
best fit is shown for each plot. For oxidized Rdx, a slope of 0.66 and
y-intercept of-0.004 were obtained from this fit, with a correlation
coefficient (R2) of 0.66. For the reduced protein, a slope of 0.97 and
y-intercept of 0.01 were obtained, with a correlation coefficient (R2)
of 0.91.

Figure 4. Structural representation of magnetic susceptibility anisotro-
pies. A ribbon diagram of the structure of rubredoxin is shown,
including the atoms of the FeS4 cluster. Vectors originating at the iron
indicate the magnitudes and show the orientations of the∆øax and∆ørh

terms obtained from fits to the 5RXN structure of dipolar splittings
from iron(II) (Fe2+) and iron(III) (Fe3+) rubredoxin. The diamagnetic
∆øax and∆ørh values calculated for 5RXN are also shown (dia).
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tional dynamics of the two types of bonds. Recent dipolar
coupling measurements by Ottiger and Bax suggest these
motions result in effective backbone NH and CH bond lengths
of 1.041 and 1.117 Å, respectively.47 However, substitution of
these values in the determination of the susceptibility anisotropy
parameters in Table 1 produced only a 5% change in the scaling
factor for NH and CH couplings; this refinement removed only
6% of the 25% discrepancy.

The diamagnetic susceptibility anisotropies calculated from
the three X-ray structures of Fe(III) Rdx (Table 1) are similar
to that measured for ubiquitin30 and are roughly equivalent to
the combined contribution of three phenylalanine side chains
[∆øax(Phe)) -1.0× 10-28]. The magnitudes of the axial and
rhombic components of the calculated diamagnetic susceptibility
anisotropy are about one-half those of Fe(III) Rdx and about
one-seventh those of Fe(II) Rdx. The relatively larger contribu-
tion of the diamagnetic component to the magnetic susceptibility
anisotropy of Fe(III) Rdx than to that of Fe(II) Rdx accounts
for part of the divergence of the∆øax vectors (Figure 4).

Pseudocontact Shift Calculations.Chemical shift differences
between oxidized and reduced Rdx have been reported for nuclei
that are outside the range of Fermi contact interactions (>11 Å
from the iron); these shift differences were tentatively ascribed
to subtle structural rearrangements.7,8 However, the influence
of pseudocontact origin for these shifts could not be ruled out.
Measurement of the magnetic susceptibility anisotropies for
these two species now permits us to resolve this issue.

The previously reported differences in1HR and1HN chemical
shifts for oxidized and reduced Rdx are plotted as a function of
residue number in Figure 5A. Residues less than∼11 Å [8.5
Å] from the Fe(III) [Fe(II)] experience significant line broaden-
ing and could not be assigned using standard 2D and 3D
heteronuclear methods. This accounts for the lack of comparativedata for residues 5-13 and 38-50. The magnitudes and

orientations for∆øax and∆ørh obtained by analysis of dipolar(47) Ottiger, R.; Bax, A.J. Am. Chem. Soc.1998, 120, 12334-12341.

Table 1. Magnetic Susceptibility Anisotropies for Reduced and OxidizedClostridium pasteurianumRubredoxin at 10°C

∆ø, 10-28 cm3/molecule

PDBa ∆øax ∆ørh Rb(deg) âb (deg) γb (deg) Ev
c Ev(0)d

Reduced Rdx
NH 1IRO 21.3( 0.16e 9.71( 0.14 59.2( 0.2 108.6( 0.3 142.8( 0.5 47( 3

4RXN 20.7( 0.17 9.78( 0.14 58.4( 0.2 108.0( 0.3 144.5( 0.5 73( 3 821
5RXN 22.1( 0.17 9.55( 0.14 58.4( 0.2 108.4( 0.3 142.0( 0.5 53( 3

CH 1IRO 17.5( 0.28 8.7( 0.19 59.2( 0.4 106.6( 0.4 144.3( 0.8 38( 3
4RXN 13.0( 0.20 8.6( 0.19 48.2( 0.7 115.5( 0.8 144.6( 0.7 60( 4 402
5RXN 17.9( 0.29 9.9( 0.20 58.6( 0.4 112.2( 0.5 150.1( 0.6 39( 3

NH + CH 1IRO 19.8( 0.15 9.4( 0.11 59.9( 0.2 107.0( 0.3 145.0( 0.4 43( 2
4RXN 17.9( 0.13 9.2( 0.12 57.2( 0.2 107.9( 0.3 147.4( 0.4 81( 2 659
5RXN 20.3( 0.14 9.7( 0.11 59.2( 0.2 109.0( 0.3 146.6( 0.4 52( 2

Oxidized Rdx
NH 1IRO 5.27( 0.17 0.19( 0.50 66.2( 1.0 111.8( 1.1 229( 73 5.1( 1.0

4RXN 5.70( 0.20 0.79( 0.18 63.2( 0.9 114.3( 1.1 121( 7 4.7( 0.9 35.44
5RXN 4.93( 0.17 0.22( 0.38 66.4( 1.0 108.9( 1.2 293( 127 7.5( 1.2

CH 1IRO 6.78( 0.18 5.07( 0.17 62.1( 0.6 94.0( 1.0 144.2( 1.2 13.5( 1.7
4RXN 5.43( 0.20 5.53( 0.18 60.7( 0.9 90.5( 1.6 148.0( 0.9 26.9( 2.2 101.36
5RXN 6.02( 0.16 4.81( 0.17 61.1( 0.7 94.1( 1.2 145.2( 1.2 18.0( 1.9

NH + CH 1IRO 5.46( 0.12 2.27( 0.11 62.2( 0.6 100.6( 0.9 141.6( 1.7 27.3( 1.5
4RXN 4.82( 0.13 2.54( 0.11 60.7( 0.6 102.9( 1.1 148.1( 1.3 32.7( 1.7 69.71
5RXN 5.28( 0.11 2.09( 0.11 61.6( 0.6 101.2( 0.9 144.4( 1.8 27.1( 1.5

Diamagneticf

1IRO -2.98 -1.21 57.0 59.4 149.0
4RXN -3.00 -1.35 73.3 68.8 158.0
5RXN -2.84 -1.10 64.7 72.4 152.9

a Each set of dipolar couplings (NH, CH, and combined) for both oxidized and reduced Rdx was fitted to the three high-resolution X-ray structures
available for oxidizedC. pasteurianumrubredoxin, identified by PDB accession code.b Euler angles in the frame of the 1IRO PDB coordinates of
rubredoxin.c Reduced error calculated assuming uncertainties of 0.03 and 0.06 Hz for1H-15N and1H-13C dipolar couplings, respectively.d Reduced
error calculated for zero magnetic susceptibility anisotropy.e Uncertainties derived from standard deviations of fitted parameters in 150 Monte
Carlo simulations.f Contributions to the magnetic susceptibility anisotropy from aromatic and peptide groups, calculated from the X-ray structures.

Figure 5. Pseudocontact contributions to1H chemical shift differences
between oxidized and reduced rubredoxin at 10°C. (A) Differences
between1HR and 1HN shifts calculated as (oxidized- reduced). (B)
Chemical shift differences after subtraction of calculated pseudocontact
shift differences. Pseudocontact shifts were calculated for the 5RXN
coordinates using the parameters for magnetic susceptibility anisotropy
obtained from fits of1H-15N and 1H-13C dipolar couplings to the
5RXN structure. The magnitude of the fitted susceptibility tensor was
scaled to account for attenuation in the measured value of the magnetic
susceptibility anisotropy due to internal motion by assuming anS2 )
0.85 for all NH and CH bond vectors (S ) 0.922). Black and white
bars represent1HN and1HR shift differences, respectively.

4682 J. Am. Chem. Soc., Vol. 121, No. 19, 1999 Volkman et al.



splittings were used to calculate pseudocontact shifts for
oxidized and reduced Rdx according to eq 4 for each of the
three crystal structures. The difference between calculated
pseudocontact shifts for each backbone1H (oxidized- reduced)
was then subtracted from the measured chemical shift differ-
ences of Figure 5A. Figure 5B shows the “pseudocontact-
corrected” shift differences for oxidized and reduced Rdx. Most
of the observed shift differences are removed by this correction,
and the differences that remain are within the uncertainties in
the corrected shift differences. This indicates that the differential
magnetic susceptibility anisotropies of oxidized and reduced Rdx
provide the major shift mechanism and that the shift differences
provide no evidence for conformational differences in these
regions of the protein. In another representation of this result
(Figure 6), a strong correlation is found between the experi-
mental shift differences and those calculated from the magnetic
susceptibility anisotropies.

Summary and Implications for Structural Analysis of
Paramagnetic Proteins.Precise values for the backbone one-
bond15N-1H and13CR-1HR splittings of Rdx in both its Fe(II)
and Fe(III) states have been obtained at multiple magnetic field
strengths. The field-dependent components of these splittings
arise from dipolar couplings that are incompletely averaged by
molecular reorientation in solution. Because the magnetic
susceptibility anisotropy of Rdx is dominated by the iron center,
the degree of magnetic alignment responsible for the observed
dipolar couplings is different for the two oxidation states of
Rdx. Reduced Rdx has a much larger magnetic susceptibility
anisotropy than oxidized Rdx; this is evident from the relative
magnitudes of the observed dipolar splittings (Figure 2).
Analysis of the large number of dipolar couplings in terms of
the three-dimensional structure of Fe(III) Rdx (Figure 3) made
it possible to determine the magnitude and orientation of the
magnetic susceptibility anisotropy for the two oxidation states
of Rdx (Figure 4). In analyzing the NMR data for Fe(II) Rdx,
the tentative assumption was made that the conformations of
the oxidized and reduced forms of the protein are very similar
at distances>11 Å from the iron. This assumption was validated

when the pseudocontact shift differences calculated for Fe(III)
Rdx and Fe(II) Rdx from the susceptibility anisotropies ac-
counted fully for the previously reported7 chemical shift
differences for backbone1H signals in the diamagnetic spectral
region (Figure 6). Thus, these chemical shift differences arise
from the change in the anisotropy of the magnetic susceptibility,
rather than from a change in the conformation of the protein.

To our knowledge, this study represents the first experimental
determinations of the magnetic susceptibility anisotropy and
pseudocontact shifts for an oxidized and reduced non-heme iron
protein. The results have made it possible to evaluate the
pseudocontact contributions to the chemical shifts of both
oxidized and reduced Rdx. This has enabled us to reevaluate
the pseudocontact contributions to the large hyperfine shifts of
oxidized and reduced Rdx that have been analyzed elsewhere.9

The present results confirm the prior assumption that these shifts
are dominated by Fermi contact effects and have negligible
pseudocontact contributions.9 Correction of the experimental
chemical shifts of these hyperfine signals for the minor
pseudocontact contributions determined here did not affect in
a significant way their correlation with calculated Fermi contact
spin densities (data not shown). This reinforces the previous
conclusion9 that the much better fit reported between the
calculated and observed hyperfine shifts for Fe(III) Rdx than
for Fe(II) Rdx arises from small conformational differences in
the nuclei that exhibit Fermi contact interactions with the iron
(those within∼7 Å of the iron), which were neglected when
the X-ray structure of Fe(III) Rdx was used as the basis for the
calculated Fermi contact spin densities of Fe(II) Rdx. Thus, a
more comprehensive picture emerges from the combination of
NMR results from the hyperfine-shifted signals, which contain
evidence for small oxidation-state-dependent structural changes,
with those for the diamagnetic region, which indicate that the
structure of Rdx>11 Å from the iron remains unchanged. The
approaches presented here should be applicable to detailed
analysis of electron-nuclear interactions in a wide range of
metalloproteins.
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Figure 6. Correlation between calculated pseudocontact shift differ-
ences and observed shift differences determined using the 5RXN
structure of rubredoxin. Solid line represents the best linear fit to the
data, with a slope of 1.01, intercept of-0.035, andR2 ) 0.89.
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