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Speeding up of multidimensional NMR spectroscopy has re- [4 -~
ceived significant attention recently, spurred by the vast demands| - L
of the rapidly expanding fields of structural genomics and metabo- |~ & o 2. . s
lomics. Numerous approaches have been propbs€dsome of | R
which take advantage of the sparse peak distribution of NMR |
spectra in multiple dimensions. The widely used TOCSY, COSY, -
and NOESY spectra can be considerably crowded, and the minimal| L
measurement time is often limited by resolution rather than |-~ S o A
sensitivity. e

Covariance NMR spectroscopyhas been shown to provide
maximal resolution along multiple frequency axes. But when the |~
number of acquired data points is too small, the covariances exhibit |
poor statistics that manifest themselves as spurious cross-peaks. 1 N
novel approach is presented here which addresses this situation. It © .-
uses a sparse sampling scheme along the indirect dimension .~ -
followed by a comprehensive analysis of finite sampling effects. L v
The scheme yields correlation spectra with high spectral resolution
from remarkably small datasets. @z (ppm)

The enhancement scheme is demonstrated here for a TOCSYFigure 1. Aliphatic proton region of 2D TOCSY NMR spectra of the 1
spectrum of the cyclic decapeptide antamanide [-Val-Pro-Pro-Ala- mM antamanide peptide in CDElsing different methods; covariance

Phe-Phe-Pro-Pro-Phe-Phe-], a peptide that acts as antidote of th&PCllum using 48 increments () after and (d) before masking; 2D FT

. h ita phalloide spectrum using (b) 48 increments and (c) 2048 increments. All data
poisonous mushroom amanita phalloiees. . were collected at 800 MHz proton frequency, 100 ms mixing time, and
A homonuclear TOCSY spectrdfnof 1 mM antamanide 300 K using TPPI-states along the indirect dimension. Cross sections at

dissolved in deuterated chloroform exhibits several crowded regionsthe arrow positions are given in the Supporting Information.
and partial peak overlaps (Figure#)The aliphatic section of the
2D Fourier transform (FT) reference spectrum with 2048 complex in 2D FT spectra. These effects are described in the Supporting
t; increments is depicted in panel c. When using only the first 48 Information with application to a covariance 2QF-COSY spectbum
complext; increments, that is, about 2% of original time-domain of antamanide.
data, the 2D FT spectrum of panel b shows severe line broadening The TOCSY covariance spectruthobtained using 48 points
along the indirect dimensiom;, which impedes simple analysis.  that are sampled at the Nyquist incremeit n,q with the firstt;

The covariance spectrum is determined using the mixedtime point at 25\t; nyq is depicted in Figure 1d. The delaytnimproves

3

/W2 (ppm)

frequency domain dat&:1tp<c the spectral quality while it does not cause first order phasing
problems along the indirect dimension, which is a convenient feature
C = (s's)”? Q) of covariance processirftg.Another characteristic of covariance

NMR is the same high resolution along both frequency dimensions.
whereS is theN; x N, mixed time-frequency domain matrix after ~ Comparison with the 2D FT spectrum using 2048 increments
Fourier transform along the detection dimensipandN, N, are (Figure 1c) reveals, however, the presence of extra signals reflecting
the number of data points along the indirégctand detection  the onset of poor sampling effects because of the small size of the
dimensions, respectively. The matrix square-root is efficiently dataset.
determined by singular value decompositiéh. Despite the “statistical” character of the covariance analysis, both

An advantage of eq 1 over traditional 2D FT is that the indirect the sampling scheme and the resonance positions are in fact fully
dimension ofSis not required to be sampled with a time increment - geterministic in nature. As a consequence, the expected amount of
Aty that fulfills the Nyquist theoremity nyq = 1/(spectral width}* spurious correlations can be determined for each point in the 2D
Importantly, if Ny is to be minimized to achieve maximal speed  spectrum and regions that are prone to artifacts can be identified
up, undersampling ity can be advantageous by probing a wider o “masked” and subsequently removed. In this way, the occurrence
range oft; evolution times, which allows better discrimination s false-positive cross-peaks in the covariance spectrum is mini-
between true and spurious spin correlations. Undersampling mized without giving up the resolution advantage.
manifests itse!f in_cov_ariance spectra in the appearance of parallel Application of the resulting mask, shown in Figure 2, to the
diagonals, which is different from the well-known folding effects .\ ariance spectrum (Figure 1d) leads to the covariance spectrum

 Florida State University. of Figure la, whic_h is essentially void_of_any false peaks while

*Bruker BioSpin GmbH. only five true off-diagonal peaks are missing.
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Figure 2. Spectral mask of TOCSY spectrum using the procedure described

in the text.

Spectral masking is based on two criteria. First, spurious

Figure 2. The red areas are masked using the first criterion (peaks
inside these areas are removed) and the blue areas using the second
criterion (peaks outside these areas are removed).

In conclusion, the enhanced covariance method presented here
provides high-quality high-resolution 2D spectra from minirqal
datasets. The cross-validation and masking scheme efficiently
suppress spurious correlations, while only few weak peaks, that
are present in the full 2D FT spectrum, are absent. The scheme
thereby offers a substantial saving of measurement time for
TOCSY-type spectra and related variants of multidimensional
experiments. The approach should be particularly well suited for
high-throughput screening applications.
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correlations between resonances are determined on the basis of thefPectra of Figure 1, analysis of undersampling effects in covariance

intensity, frequencies, artg sampling in the following way. From

the diagonal of the original covariance spectrum, a 1D spectrum

NMR spectroscopy, and application to 2QF-COSY experiment of
antamanide.

F(wy) is constructed after applying a baseline correction and the paferences

square-root operation. Next, a control matrix is constructed
Sed(ty,) = F(wy) explw,ty) (2

wheret; andw, take the same values asSnA covariance spectrum
Creris computed fron8.r using eq 1 and then normalized according
to Rj = { Cjj rett { (Cii relCjj e . The cross-correlation coefficients
R; quantify the spurious correlations between spectral poiaisl

j associated with the appliggd sampling scheme. These correla-
tions are independent of tllecoupling mediated TOCSY correla-
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