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2 Bruker BioSpin GmbH, Silberstreifen, D-76287 Rheinstetten, Germany.

Multidimensional nuclear magnetic resonance spectroscopy is a highly versatile tool in protein research. Experimental lim-
itations prohibit spectra with ≥ 5 dimensions. However, similar information can be obtained by recording 2-dimensional
projections. A decomposition-based approach for analyzing projections is presented and applied to a protein. The resulting
resonance identification is a prerequisite for further characterization of structure, dynamics and interactions of proteins.

1 Introduction

Nuclear Magnetic Resonance (NMR) is widely used in protein research. NMR spectra often contain thousands of signals; their
interpretation allows characterization of 3D structure, dynamics and interactions of proteins. A spectrum is a M -dimensional
matrix with typically ≥ 100 data points along each dimension. Thus, conventional NMR experiments with M ≥ 5 would
yield spectra of excessive size. With lower signal-to-noise, the same information can be found in a set of 2D projections [1].

2 Algorithm

NMR theory describes an M -dimensional experiment as (ti: time parameters; ”shapes” fi are of type a exp((iω − λ) · t) ):

s(t1, t2...tM ) =
∑

k

fk
1 (t1) ⊗ fk

2 (t2)... ⊗ fk
M (tM ),

The terms in the sum are referred to as ”components”. The spectrum follows from Fourier transformation along all dimensions:

S(ω1, ω2...ωM ) =
∑

k

F k
1 (ω1) ⊗ F k

2 (ω2)... ⊗ F k
M (ωM ).

This equation describes a multidimensional decomposition with the experimental input on the left side and a characterization
of the NMR signals as output on the right side. Projections are obtained by experimental coupling of the time parameters
t1 ∼ t2... ∼ tM−1 =: t. The projected spectra become (after Fourier transform t → ω, tM → ωM ; � denotes convolutions):

P (ω, ωM ) =
∑

k

(F k
1 � F k

2 ...)(ω) ⊗ F k
M (ωM ),

Fig. 1 Flow chart illustrating multi-way decomposition by the program PRODECOMP.
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Multi-way decomposition takes a set of projections P (ω, ωM ) as input, delivering the shapes F k
i as output (Fig.1) [2-3].

PRODECOMP is an implementation of multi-way decomposition relying on the FNNLS algorithm [4]. Because the shapes
F k

M (ωM ) in the present applications contain only a single narrow signal, independent decompositions can be performed for
selected intervals along the dimension ωM . For efficiency reasons, the input projections are split into smaller regions along this
dimension, while the entire spectral range of each projection along the dimensions ω is considered. An incremental approach,
both with respect to ”active” shapes and ”active” input spectra was chosen (Fig.1).

3 Application

Multi-way decomposition with the program PRODECOMP [2-3] is illustrated on a set of 30 projections recorded for the protein
ubiquitin. The NMR input projections correspond to a 9-dimensional conventional spectrum; thus, the output components
consist of nine shapes F k

i , which describe resonance frequenices of all nitrogens, carbons and hydrogens in protein fragments
of type CβHn − CαH − CO − NH − CαH − CβHn. (The frequency of the nitrogen-bound hydrogen corresponds to
ωM ; the atoms preceding the NH-group are labelled j − 1 below.) Two example input spectra, with projections along ω of the
frequencies of the atoms N,CO and Hα/β(j − 1), respectively N,CO and Cα/β, are shown in Fig.2, panels A and B.

Fig. 2 Illustration of input and output of PRODECOMP. Panels A and B show two input spectra where diffrent combinations of three
dimensions are projected onto the vertical dimension ω. Panel C shows all resulting shapes F k

i (i = 1..9) for a selected component k. The
topmost shape covers only a small interval along the horizontal dimension of the input spectra, ωM . While for the top three plots in panel
C only one signal is possible, 2-3 peaks are expected for the other plots. ppm units are used for the ωM dimension as well as the topmost
shape in panel C; data point units are used for all remaining shapes and along the vertical axes of panels A and B.

The output shapes for a selected component are displayed in panel C, with labels for each atom type next to each shape.
The number of points fitted for the shape F k

M is typically about 15, while it is always the full spectral width (here 121 points)
for the other eight shapes. Note that the decomposition, which yielded the component shown in panel C, at the same time
resulted in the characterization of another five components with similar ωM frequencies (not shown). Panel C describes the
resonance frequencies (chemical shifts) of all atoms of the protein fragment defined above (except the oxygen). Following
multi-way decomposition of a set of intervals covering the entire ωM axis, and due to the large overlap among neighboring
protein fragments, it becomes straightforward to perform resonance assignments along the entire protein chain.

4 Conclusions

Multi-way decompisition of a set of 30 2-dimensional projections, recorded in less than 15 hours, allows identification of all
resonances that would be observed in the corresponding 9-dimensional spectrum. The calculations require 2-3 hours on a PC.
The time gain for recording 30 2D projections of the size shown in Fig.2 instead of a corresponding set of at least three 4D
spectra is about 1500. Additional advantages of the method include optimal results with respect to signal-to-noise as well as
resolution (due to aliasing, see Fig.2B) [3].
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