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To extract useful information on protein structure and dynamics
from NMR spectra, the observed NMR frequencies need first to
be assigned to individual nuclear spins in the protein. Correlating
all nuclear spins sequentially along the peptide sequence in a single
experiment would be the ideal way of performing NMR resonance
assignment. In practice however, even in the most favorable cases
spin relaxation-induced signal loss imposes a limit of less than∼10
nuclear spins that can be correlated by NMR pulse sequences. In
addition, standard multidimensional (nD) NMR methods require
measurement times that increase by about 2 orders of magnitude
per additional spectral dimension. Therefore, nD NMR beyondn
) 3 or 4 is generally impractical using standard methods. Each of
the K cross-peaks detected in a 3D (or 4D) spectrum provides
correlated frequency information of 3 (or 4) nuclear spins. Such a
spectrum can thus be considered as the sum of K projections of
the unique correlation peak detected in a virtual hyperdimensional
protein NMR spectrum. Protein resonance assignment refers to the
problem of reconstructing this hyperdimensional spectrum from a
limited number of summed projection spectra. Here, we show that
large parts of the spectral space formed by the amide1H and15N
backbone nuclei of the protein can be reconstructed from a small
set of 3D correlation experiments using a correlation-based
reconstruction algorithm (COBRA). The COBRA method, closely
related to the recently introduced concepts of covariance1 and
hyperdimensional2 NMR spectroscopy, provides a powerful new
tool for automated fast protein resonance assignment.

The COBRA method is based on pairs of unidirectional 3D
H-N-C experiments correlating a13C nucleus (CR, Câ, or C′) with
either the amide1H and15N of the same (intraresiduecorrelation)
or the following residue (sequentialcorrelation) (Figure 1). After
Fourier transformation (FT) along the1H and15N dimensions, the
two data sets are combined to a 4D spectrum by computing
correlation coefficients between13C traces extracted from the two
data sets. The spectral intensities are given by the real part of the
correlation coefficient. Signal intensity close to 1 results from
similar frequencies in the two13C traces, indicative of two
potentially neighboring amide groups forming a bipeptide (Figure
1). To enhance the frequency discrimination capabilities of COBRA,
we apply a weighting function to the complex correlation coef-
ficients using an adjustable phase parameterφ0. Degenerate13C
resonances will result in ambiguities in the identification of
neighboring amide groups (false peaks). This is a common feature
of reconstruction algorithms that build the higher dimensional
spectral space from a few projection spectra.3 To resolve these
ambiguities and remove the false cross-peaks from the 4D spectrum
additional projection spectra are required. In our case, a second
pair of unidirectional H-N-C experiments is performed with a
different 13C nuclear spin (among CR, Câ, C′), and the intensities
in the reconstructed 4D spectrum are given by the product of the
phase-weighted correlation coefficients calculated from different

pairs of 3D spectra. More details about COBRA are provided in
the Supporting Information.

We have tested the performance of COBRA for the protein
ubiquitin (76 residues) using a set of 3D BEST-type4 sequential

Figure 1. Hyperdimensional protein NMR spectroscopy in peptide sequence
space. COBRA first correlates neighboring1H and 15N amide resonance
frequencies within the same bipeptide based on pairs of unidirectional
H-N-C experiments. In a second reconstruction step, the correlations
within bipeptides are extended to longer protein fragments.

Figure 2. Two-dimensionali/(i - 1) correlation maps of reconstructed
4D ubiquitin spectra using different experimental data sets: intraresidue
and sequential H-N-CA with (a) t10 ) 0 ms, t1max ) 3 ms, (b)t10 ) 0
ms, t1max ) 11.7 ms, and (c)t10 ) 25 ms,t1∆ ) 3 ms,t1max ) 28 ms; (d)
combination of data sets from panels a and c; (e) intraresidue and sequential
H-N-CB with t10 ) 0 ms,t1max ) 3 ms; (f) combination of data sets from
panels c and e. The COBRA phase parameter was set toφ0 ) 15°. Because
of the (1H-15N) ordering, cross-peaks are only expected along the shifted
diagonal, correlating the frequency pairsj on the horizontal axis andj - 1
on the vertical axis.
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and intraresidue H-N-CA and H-N-CB spectra that have been
recorded in an experimental time of only a few hours (Supporting
Information, Table 1). Pairs of 3D data sets were correlated via
the 13C time-domain signals as explained above. Figure 2 shows
the resulting 4D spectra as simplified 2D representations correlating
(1H-15N) frequency pairs, characteristic of single ubiquitin residues.
In Figure 2 the 70 (1H-15N) pairs have been numbered according
to the order of the corresponding residues in the ubiquitin sequence.
Therefore only cross-peaks detected along the shifted diagonal in
these i/i-1 correlation maps correspond to true correlations, whereas
all other peaks are reconstruction artifacts. CR only based COBRA
reconstructions are shown in Figure 2a-d. In analogy to FT data
processing, the number of false peaks decreases with increased
sampling timet1max corresponding to a higher spectral resolution
in the13C dimension (Figure 2a,b). Shifting the sampled data points
by t10 along the time domain also changes the spectral appearance.
The result of targeted sampling,5 settingt10 ≈ 1/JCC for optimized
sensitivity in the presence of scalar coupling evolution (cos(πJt10)
≈ -1), is shown in Figure 2c. Most false cross-peaks present in
the spectrum of Figure 2a are absent in the spectrum of Figure 2c,
while new reconstruction artifacts appear. This observation is
explained by the complementary frequency discrimination capabili-
ties of COBRA for standard and time-shifted data sampling
(Supporting Information Figure S4). Therefore, the combined
sampling of a few data points at the beginning of the time-domain
signal, and a few more shifted in time, suppresses most of the false
cross-peaks in the spectrum (Figure 2d), while retaining short overall
acquisition times. The few resulting false peaks correlate residues
with CR resonance frequencies that differ by less than 2 Hz. To
solve remaining ambiguities arising from degenerate CR chemical
shifts, a second (and eventually third) pair of 3D H-N-C
experiments is required. For ubiquitin, an unambiguousi/(i - 1)
correlation map (without false peak) is obtained when combining
CR and Câ-based correlation information (Figure 2f). Let us
emphasize here that the spectrum shown in Figure 2f is the result
of automated processing of four 3D data sets recorded in less than 2 h.

Once an unambiguousi/(i - 1) correlation spectrum (M2) is
obtained, the information contained in these data allows reconstruc-
tion of the hyperdimensional spectral space formed by all amide
1H and15N nuclei of the protein backbone, or more precisely within
a protein fragment. Indeed, a proline residue or a missing correlation
peak in the NMR spectra splits the peptide sequence into fragments
of different size. For ubiquitin five such fragments are obtained
comprising 17 (Q2-E18), 4 (S20-I23), 11 (N25-G35), 14 (D39-
D52), and 23 (R54-G76) residues, respectively. In a second
COBRA step, 2k-dimensional spectraMk can be reconstructed in
an iterative manner by computing the matrix elementsMk(ωk, ωk-1,
..., ω1) ) M2(ωk, ωk-1) × M2(ωk-1, ωk-2) × ... × M2(ω2, ω1) with
ω representing the resonance frequencies of a1H-15N pair. The
coordinates of the individual cross-peaks in the 2k-D hyperdimen-
sional spectra directly yield the correlated frequency information
of each combination ofk sequentially connected residues (i, i - 1,
..., i - k + 1) in the peptide sequence. Figure 3b shows 4Di/(i -
k + 1) projections of the reconstructed 2k-D hyperdimensional
spectraMk for differentk values. These spectra are again represented
as 2D maps correlating the (1H-15N) frequencies of residuesi and
(i - k + 1). No further reconstruction is possible when theMk

spectrum contains only one unique cross-peak that correlates all
residues within the (longest) protein fragment. For ubiquitin this
situation is reached fork ) 23 corresponding to a 46 dimensional
NMR spectrum (Figure 3b).

So far we have not discussed the effect of degenerate (1H-15N)
frequency pairs on the outcome of the COBRA reconstruction.

Unresolved1H-15N correlations for different protein residues will
result in false peaks in theM2 correlation map, and as a consequence
give rise to additional (false) peaks in the reconstructed hyperdi-
mensionalMk spectra. Therefore degenerate (1H-15N) frequency
pairs should be excluded from the second COBRA analysis step,
resulting in the reconstruction of shorter protein fragments.
Alternatively, the degeneracy may be solved experimentally, for
example, by recording 4D H-N-CO-C correlation spectra instead
of the 3D H-N-C experiments performed here for ubiquitin. We
have recently shown that such 4D spectra can be recorded in a few
hours using ASCOM and BEST optimization.6

In summary, we have introduced COBRA, a statistical method
based on the computation of phase-weighted correlation coefficients
providing correlated chemical shift information from pairs of
unidirectional NMR correlation experiments. A hyperdimensional
NMR spectrum is computed that correlates all amide1H and15N
nuclear spins within a same protein fragment directly from the raw
NMR data without any user intervention. Nonuniform targeted
sampling schemes may be used advantageously to increase spectral
resolution while keeping short overall acquisition times. COBRA
reconstruction thus presents a convenient new way for fast and
automated sequential resonance assignment of proteins. Depending
on the size of the protein and the quality of the NMR spectra,
different amounts of data are required for unambiguous NMR
assignment. The short computation times of only a few seconds
for COBRA processing, make this method also particularly well
suited for real-time estimation of data quality and completeness
during NMR data acquisition.

Supporting Information Available: Table containing acquisition
parameters used for the BEST experiments and additional information
on the COBRA algorithm. This material is available free of charge via
the Internet at http://pubs.acs.org.
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Figure 3. Reconstruction of hyperdimensional spectral space. (a) Same
i/(i - 1) correlation map as Figure 2f, but with different ordering of the
(1H-15N) frequency pairs. Ubiquitin bipeptides are correlated by cross-peaks
forming a characteristic directional pattern (illustrated by lines and arrows).
(b) Strip plots of i/(i - k + 1) correlation maps correlating the1H-15N
frequency pair 18 (corresponding to residue G76) with the (k - 1)th
preceding residue in the peptide sequence. The cross-peak detected in the
k ) 23 projection of a 46-dimensional NMR spectrum correlates the first
and last residues of the 23-residues fragment R54 to G76 of ubiquitin.
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