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NMR is a powerful tool in the study of paramagnetic proteins.1

Solution structures have been determined from NMR data for
members of several classes of paramagnetic proteins (for examples,
see ref 2). Hyperfine-shifted NMR signals, which report on
electron-nuclear interactions, have proven useful for evaluating
the electronic structures of paramagnetic centers. For example, in
Fe-S proteins, hyperfine data have demonstrated valence trapping
in plant [2Fe-2S] ferredoxins,3 spin delocalization across H-bonds
in rubredoxin,4 and spin state equilibria in [4Fe-4S] proteins.5

Nuclei close to the paramagnetic center frequently relax too
rapidly to be studied by conventional 2D and 3D NMR techniques.
This prevents the observation of what usually is the most interesting
part of the protein. Absent metrical information for the metal center
and its surrounding region, some NMR investigators have resorted
to modeling that region with approximations derived from X-ray
crystallography (for example, ref 6). The problems are exacerbated
in systems with slow electronic relaxation ratesτs, owing to the
inverse correlation between nuclear and electronic relaxation. In
such cases, the hyperfine-shifted resonances may be so broad and/
or severely overlapped as to be unobservable.

Directly detected13C NMR offers advantages for the study of
paramagnetic centers in proteins. Because the three contributions
to paramagnetic relaxation (dipolar, Curie, and contact) are each
proportional to 1/γN

2, 13C offers as much as a 16-fold improvement
in line width compared to1H.7 This has been applied before in 1D
13C and 1D13C{15N} decoupling experiments on Fe-S proteins.8

This indicates that13C{13C} 2D NMR experiments should be
superior to1H-detected 2D experiments for observing and assigning
paramagnetically broadened signals.

We have tested this approach with oxidized human [2Fe-2S]
ferredoxin (HuFdox). The uninformative hyperfine-shifted region
of the 1D1H NMR spectrum (not shown) consists of an unresolved
envelope of signals at 20-50 ppm and a single peak at 13 ppm
(T2* ∼ 0.8 ms),9 assigned respectively to the Cys Hâ and HR

resonances.10 3D NMR spectra, which yielded assignments for other
parts of the molecule, failed to provide signals from 17 residues in
the [2Fe-2S] cluster binding loops that apparently are affected by
the paramagnetism.11

The 1H-decoupled13C{13C} constant time COSY (CT-COSY)12

approach investigated here offers several advantages: (1) in the
indirect dimension, the signals are all in-phase absorptive and
broadband homonuclear13C-decoupled; (2) the constant time period
τe can be shortened to allow optimal coherence transfer for fast-
relaxing signals; and (3) the signal-to-noise is improved relative to
other experiments such as DQ-COSY (INADEQUATE). Because
one-bond13C-13C scalar coupling constants fall in the relatively
narrow range of 35-55 Hz, the use of constant time does not pose
any difficulties.

Figure 1 shows the region of the13C{13C} CT-COSY spectrum
of [U-13C,15N]-HuFdox that contains CR-Câ Ser and Thr cross-

peaks. In Figure 1A, the acquisition parameters have been set to
values (τe ) 10 ms, recycle time) 1.27 s) appropriate for detection

Figure 1. 13C{13C} CT-COSY data displaying the CR-Câ cross-peaks of
Ser and Thr residues of 4.4 mM [U-13C, 15N]-HuFdox (90% H2O/10% D2O,
20 °C, pH 7.35, 50 mM potassium phosphate buffer), recorded on a Bruker
DMX500 NMR spectrometer with a 5 mm QNPprobe under two sets of
acquisition parameters. (A) Complex points, 460 (t1) × 32768 (t2); τe, 10
ms; recycle time, 1.27 s; number of scans, 96. (B) Complex points, 256
(t1) × 4096 (t2); τe, 5.6 ms; recycle time, 0.138 s; number of scans, 1600.
Spectra were acquired as phase-sensitive data with time proportional phase
incrementation (TPPI) and phased such that, in the direct dimension,
diagonal peaks are in-phase absorptive and cross-peaks are antiphase
dispersive.
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of “diamagnetic” resonances, those from nuclei remote from the
[2Fe-2S] cluster; while in Figure 1B, the parameters have been
optimized for the detection of rapidly relaxing signals (τe ) 5.6
ms, recycle time) 0.138 s). The diamagnetic cross-peaks (Figure
1A) are assigned by comparison with the 3D backbone tracing
experiments11 and 3D HCCH-COSY.10cFive peaks appear that were
not observed in the backbone tracing experiments but were observed
by HCCH-COSY. These are assigned by amino acid type to
connectivities in Ser and Thr residues in the flexible N- and
C-termini (S1/S117/S124, T110/T123), although not sequence
specifically. In the paramagnetic optimized version (Figure 1B),
three new cross-peaks are observed, one in the Ser region and two
in the Thr region. These are readily assigned to S53, T49, and T54,
which are near the [2Fe-2S] cluster and whose signals were not
seen in the 3D experiments. From the X-ray structure of a truncated
form of oxidized bovine ferredoxin13 the CR of S53 is only 5.3 Å
from the Fe-Fe midpoint. The intensities of these three cross-peaks
are comparable to those of diamagnetic cross-peaks. Câ-Cγ cross-
peaks were also observed for T49 and T54.

Figure 2 shows the13C{13C} CT-COSY spectrum of [13C,15N-
Cys]-HuFdox. The acquisition parameters have been further adjusted
to allow detection of signals from nuclei that relax very rapidly:
τe ) 2.5 ms, recycle time) 55 ms. Cross-peaks were observed
that correspond to Cys C′-CR connectivities from three of the four
Cys that ligate the cluster. From the line widths measured from a
1D 13C spectrum (not shown), theT2* values for Cys C′ and CR

are 3.4-4.3 and 0.64-0.80 ms,14 respectively. Thus, despite the
very short nuclear relaxation rates for these signals, connectivity
information could be obtained from a properly optimized13C{13C}
CT-COSY experiment.

Reported cross-peaks in paramagnetic1H{1H} COSY spectra15

subsequently have been shown to arise from cross correlation
between dipole-dipole and Curie spin relaxation rather than
J-coupling.16 For the following reasons, cross correlation is unlikely
to account for the13C-13C cross-peaks observed here: (1)13C-
13C dipolar relaxation is slow; (2) Curie relaxation is not expected
to be significant, owing to the relatively low molecular mass (13
kDa) and small〈S2〉 of the protein; (3)T2 is dominated by electron-

nuclear dipolar and contact relaxation, owing to the slow electronic
relaxation rate; and (4)13C-13C scalar couplings are much larger
than1H-1H. Also, the observed line shapes of the13C-13C cross-
peaks are those expected for scalar coupling (dispersive antiphase
doublets), rather than those expected for cross correlation (absorp-
tion antiphase doublets). Thus, the observed cross-peaks reflect true
coherence transfer throughJ-coupling.

In summary, we have demonstrated that13C{13C} CT-COSY is
effective at identifying connectivity information for fast relaxing
resonances near a paramagnetic center in a case where1H detection
yielded little usable information. The approach is effective in
systems with slow electronic relaxation rates and little dispersion
in the paramagnetically perturbed signals and can provide con-
nectivity information even for ligating residues. Much work remains
to develop tools that will allow extraction of geometric and
electronic structure information from data of this kind. Nonetheless,
in combination with other 2D NMR experiments and selective
labeling methods, this strategy should be of great utility in obtaining
more information from nuclei near the active sites of paramagnetic
proteins than previously possible.
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Figure 2. 13C{13C} CT-COSY data showing the C′-‚CR region of the
hyperfine-shifted Cys residues of 6.1 mM [13C,15N-Cys]-HuFdox (90% H2O/
10% D2O, 20°C, pH 7.35, 50 mM potassium phosphate buffer), recorded
on a Bruker DMX 500 NMR spectrometer with a 5 mm QNPprobe. The
spectrum was acquired and phased as in Figure 1. Acquisition parameters:
complex points, 115 (t1) × 2048 (t2); τe, 2.5 ms; recycle time, 55 ms; number
of scans, 8192.
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