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S U M M A R Y  

Nonlinear sampling along the tl dimension is applied to COSY-type spectra. The sine dependence of the 
time domain signals for the cross peaks is matched by a nonlinear sampling scheme that samples most 
densely around the maximum of the sine function. Data are processed by maximum entropy reconstruction, 
using a modified implementation of the 'Cambridge' algorithm of Skilling and Bryan. The procedure is 
demonstrated for P.E.COSY spectra recorded on a cyclic hexapeptide and on a 126-residue domain of the 
protein villin. The number oft~ values in the nonlinearly sampled experiments was reduced by a factor of four 
compared to linear sampling. The sensitivity and resolution of the resulting spectra are comparable to those 
achieved by conventional methods. The method described can thus significantly reduce the measuring time 
for COSY-type spectra. 

I N T R O D U C T I O N  

The twin limitations in protein N M R  are sensitivity and resolution. Improvements in hardware 
and higher magnetic fields contribute to higher sensitivity, while multidimensional experiments 
and the use of  isotopically labeled molecules improve resolution. Sensitivity and resolution are 
intimately related, so it is often possible to trade one for the other by adjusting the number of  
sampled time intervals and the amount  of  signal averaging for each sampled interval, although 
the ability to do so may be limited by the requirement for phase cycling. Continued improvements 
in both sensitivity and resolution will enable the study of  even larger molecules. 

Spectral resolution is essentially determined by the length of the sampling period. While the 
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discrete Fourier transform (DFT) requires samples at uniformly spaced intervals, some alterna- 
tive methods do not, allowing comparable resolution to be achieved by collecting fewer samples 
spanning the same sampling period. One such method is maximum entropy reconstruction (Max~ 
Ent) (Sibisi, 1983; Laue et al., 1985, 1986; Hoch, 1989; Jones and Hore, 1991). MaxEnt has other 
desirable properties, such as better ability to handle truncated data records without introducing 
artefacts. MaxEnt has not yet enjoyed widespread use, however, mainly due to its increased 
computational cost compared to the DFT. Recent dramatic developments in computer perfor- 
mance can be expected to enable wider use of MaxEnt for processing two- and higher-dimension- 
al data. 

NONLINEAR SAMPLING 

Nonlinear sampling (Barna et al., 1987) offers two advantages. One is that fewer samples are 
required to achieve a given resolution. The other is that sampling can be tailored to match the 
intensity of the signal, improving the sensitivity for a given measuring time. These advantages are 
not realized in the directly detected dimension, since the number of data samples in that dimen- 
sion hardly affects the overall measuring time. In the indirectly detected dimensions of two- and 
higher-dimensional spectra, however, alternative sampling schemes can be used to save time or to 
allow for lower sample concentrations, more extensive phase cycling, or higher resolution in a 
given period of time. 

Previous applications of nonlinear sampling dealt with detection of in-phase (cosine modulat- 
ed) magnetization, using a simple exponential sampling schedule (Robin et al., 1991). In the 
present study we generalize the sampling schedule for optimal detection of antiphase (sine modu- 
lated) magnetization, such as arises in COSY-type experiments, and to explicitly take into 
account the relaxation properties of the signal. We illustrate the significant time savings that can 
be achieved using this method with P.E.COSY experiments for a peptide and a protein. 

SELECTION OF SAMPLE POINTS 

The procedure used to determine the sampling schedule is based on the one given by Barna et 
al. (1987). First, a continuous density function is defined. In the case of in-phase magnetization 
the cosine term is omitted for simplicity and only a term representing the exponential decay is 
retained: 

with 

D(t) = Aexp(-kt) (1) 

NAt 

f O(t) dt = n (2) 
0 

(Here n is the number of exponentially sampled points to be distributed through a time interval 
consisting of N uniform sample periods, each of length At.) This density function differs by the 
factor A from that given by Barna et al., allowing adjustment of the parameter k to the actual T2 
of the molecule. Solving the integral leads to 
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nk 
A = (3) 

1- exp(-kNAt) 

Antiphase magnetization requires a density function in which the sine term occurs explicitly: 

D(t) = Aexp(-kt)sin(t~/NAt) (4) 

In this treatment it is assumed that half a period of the sine function is sampled; however, the 
function can easily be modified to allow other possibilities, e.g., if the relaxation properties 
restrict the sampling time. Substituting this density function in Eq. 2 leads to 

A = n(NAt/~)(k2 + (re/NAt)2) (5) 
1 + exp(-kNAt) 

We then calculate the integrals 

I(T) = 
T 
f D(t) dt, for T = At ..... NAt, (6) 
0 

and for each integer j = 1 ..... n, the delay time tj for the j-th data point is taken to be the least 
integer multiple of At greater than tj -1 such that I(tj) -> j. The resulting sampling schedule has n 
points, is adjusted to the relaxation and modulation properties of the magnetization, and extends 
as long as a linearly sampled N-point data set. (Note that this procedure is inappropriate for 
generating sampling schedules for constant-time experiments. Since there is no decay in these 
experiments, the resulting schedules would consist simply of uniformly spaced delays, effectively 
equivalent to a linear sampling scheme with a reduced spectral width.) 

Because MaxEnt is inherently nonlinear, practical guidelines for the use of nonlinear sampling 
schedules are mainly empirical. The resolution is determined primarily by the longest sampling 
interval, the choice of the sampling distribution is based on the relaxation times and J values, and 
the sampling schedule together with the signal-to-noise ratio helps determine the spectral quality. 
In practice we find that within these constraints, at least one-quarter of the number of linearly 
spaced intervals between the beginning of the FID and the longest sampling interval should be 
collected. 

SPECTRUM RECONSTRUCTION 

Maximum entropy reconstructions were performed using a modified version of the 'Cam- 
bridge' algorithm (Skilling and Bryan, 1984). The algorithm was simplified by eliminating the 
'P-chop'. The complex entropy functional was given by the $2 form described by Hoch et al. 
(1990) (or equivalently, the Sm form described by Jones and Hore (1991)): 

S = - ~ [  . f'~176 ' f'~ + {4def2 + 'fd2 - {4def2 + ' 2 d e f  f~~ (7) 

where f,o is the complex value of the spectrum at frequency eo and def is a user-specified parameter 
of the reconstruction. The reconstructed spectrum is the one having the maximum value of S 
subject to the constraint 
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'~ Idt - Dd 2 -< E (8) 
te SS 

where E is the expected experimental error, SS is the set of points in the sampling schedule, Dt is 
the value of the experimental data at time t, and dt is the value of mock data given by 

1 dt = --~ ~f~ exp(27ritm/N) exp(-nLt) 
~/N m 

(9) 

where L is an estimated linewidth. Finally, the search directions are different from the ones given 
by Skilling and Bryan. Following the notation in (Skilling and Bryan, 1984), the algorithm 
proceeds initially by using the search directions 

vc, f(vc), IVSl-'f(vs)-IVCl-'f(vc), and [VSVlf(VVC)f(VS)-[VCVIf(VVC)f(VC) (10) 

until the desired value of E is reached. It then switches to using 

IVSl-'VS-lVCl-'Vc (11) 

as the second search direction, to maximize the entropy S while maintaining the constraint C. We 
find that these search directions improve the convergence properties of the algorithm for both 
nonlinearly and linearly sampled data. 

MATERIALS AND METHODS 

A P.E.COSY (Miiller, 1987) experiment was recorded with a sample of cyclo-(-D-Ala-Phe-Trp- 
Lys-Val-Phe-), 30 mM in d6-DMSO at 300 K. A P.E.COSY experiment was also recorded with a 
sample of a 14-kDa domain of villin 14T (Bazari et al., 1988), 3.5 mM in D20 at 298 K. All 
spectra were recorded nonspinning on a Bruker AMX 600 spectrometer. 

The P.E.COSY of the cyclic hexapeptide was recorded with 16 scans, 2048 FIDs with 2048 
complex points each recorded, using the TPPI-States procedure (Marion et al., 1989) to achieve 
quadrature detection in F1. The spectral window was 8333.3 Hz in both dimensions, and the 
mixing pulse was 35 ~ A reference spectrum was recorded following the procedure outlined by 
Marion and Bax (1988) and subtracted prior to processing to reduce the dispersive diagonal. 

The P.E.COSY of villin 14T was recorded with nonlinear sampling. Following the procedure 
outlined above, 256 tl values were selected, assuming a T2 of 20 ms and using N equal to 1024. 
The FIDs were recorded with 104 scans and 1024 complex points each. The spectral window was 
8333.3 Hz in both dimensions, the mixing pulse was 30 ~ and the total measuring time was 20 h. 

The first P.E.COSY was processed in the F2 dimension with a 60~ squared sinebell. 
Next, three different data sets were constructed starting from this one. For the first two sets, the 
data were processed in F1, using a 60~ squared sinebell, zero-filled to 2048 points and 
Fourier transformed, resulting in a data matrix of 2048 by 2048 real points. In one case all 2048 
FIDs were used, in the other only 512, corresponding to 1024 and 256 complex points, respective- 
ly. The third data set contained only 256 complex points in t~ assembled by extracting the FIDs 
belonging to a sampling schedule assuming a T2 of 50 ms. MaxEnt reconstruction then led to a 
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Fig. 1. Linearly sampled COSY data (a) and nonlinearly sampled data (b). The data in (b) are the same as in (a), except 
that points not  belonging to the sampling schedule are set to zero. 

data matrix of 2048 by 2048 real points. The 1-Hz linewidth parameter used in the reconstruction 
was chosen to give a sharpening comparable to that caused by the application of a shifted squared 
sinebell. 

The P.E.COSY of villin 14T was zero-filled and apodized with a 60~ squared sinebell in 
F2 prior to Fourier transformation. MaxEnt reconstruction was applied in F1 with a linewidth 
parameter of 1 Hz, again leading to a 2048 by 2048 real matrix. 

Conventional Fourier processing was done using the Felix program (Hare Research) on a Sun 
Sparc SLC. The MaxEnt reconstructions were done on a Silicon Graphics 4D/480 computer 
running on eight processors with 64 Mb of memory, using the algorithm described above. The 
reconstruction took less than 30 min. MaxEnt reconstruction was also performed on a Digital 
Equipment Corporation DECmpp 12000 computer equipped with 8192 processors and 512 Mb 
of memory. Here, the reconstruction took 15 min. The apparent discrepancy in the speed-up 
using the massively parallel computer is due to its less powerful processors and communication 
overhead, among other factors. 

RESULTS AND DISCUSSION 

Figure 1 illustrates the sampling schedule used for the P.E.COSY experiment. Figure 1 a shows 
a conventional, linearly sampled FID of a methyl group of the hexapeptide. In Fig. lb, points not 
included in the sampling schedule are set to zero. Close inspection shows that the sampling 
density is highest close to the maximum of the sine-modulated intensity envelope. 

Figure 2 compares the effects of conventional processing and nonlinear sampling with MaxEnt 
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Fig. 2. Phenylalanine H~-H ~ cross peaks from P.E.COSY spectra of cyclo-(-D-Ala-Phe-Trp-Lys-Val-Phe-). Processing in 
F1 was performed by (a) DFT, using 2048 linear tl samples, (b) MaxEnt reconstruction using 512 nonlinear tl samples, 
and (c) DFT, using 512 linear t~ samples. 

processing on the P.E.COSY spectrum of cyclo-(-D-Ala-Phe-Trp-Lys-Val-Phe-). The DFT of the 
complete data set (1024 complex points, Fig. 2a) and the MaxEnt reconstruction of the nonlinear- 
ly sampled data set (256 complex points, Fig. 2b) are nearly indistinguishable, whereas the DFT 
using only 256 complex points (Fig. 2c) shows a marked reduction in resolution. The figure 
clearly demonstrates that nonlinear sampling schemes can yield results comparable to conven- 
tional methods in as little as one-quarter the experiment time. 

In a final application, P.E.COSY data for the protein villin 14T were acquired using nonlinear 
sampling; the spectrum is shown in Fig. 3. COSY-type spectra of proteins are particularly chal- 
lenging due to the cancellation of cross-peak intensity as the linewidth approaches the magnitude 
of the coupling constant. In this experiment, the time savings afforded by nonlinear sampling 
permitted additional signal averaging without increasing the overall experiment time. The resolu- 
tion of the resulting spectrum is comparable to what could be achieved in the same time by 
conventional methods, but there is a substantial increase in sensitivity. 

In P.E.COSY experiments used to measure small coupling constants, resolution is especially 
important to achieve sufficient displacement of the E.COSY cross peaks. Spectral folding is often 
used to increase digital resolution; this technique can be used with nonlinear sampling and 
MaxEnt reconstruction, although it may no longer be necessary. In heteronuclear 3D spectra, 
nonlinear sampling and MaxEnt reconstruction can achieve a similar resolution without sacrific- 
ing spectral simplicity as one does with folding. 

It should be emphasized that nonlinear sampling inherently involves a trade-off: sampling time 
and spectral resolution are improved at the cost of sensitivity and spectral quality. Frequently this 
trade-off is quite acceptable, since many experiments have adequate signal-to-noise ratio and the 
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Fig. 3. P.E.COSY spectrum of villin 14T, obtained by nonlinear sampling (256 t~ values), and MaxEnt reconstruction in 
F1. The inset shows the H~-H ~ cross peaks of Ser 58. 

primary goal is to shorten the experiment time or increase resolution. However, the use of a 
nonlinear sampling schedule introduces aliasing artefacts, which can be particularly troublesome 
in spectra exhibiting high dynamic range. These artefacts can be ameliorated by appropriate 
choice of the sampling schedule. Alternatively, there are instances where the dynamic range can 
be reduced prior to MaxEnt reconstruction without loss of information. For example, homonu- 
clear spectra can be preprocessed to suppress the strong diagonal signals. A detailed description 
of these considerations will be presented elsewhere; for the present we note that the benefits 
greatly outweigh the problems. (No effort was made to correct for these effects in the spectrum 
shown in Fig. 3; they manifest themselves as shifted images of the diagonal. The tl noise apparent 
in the spectrum is genuine.) 

The use of nonlinear sampling in conjunction with MaxEnt is not a general technique to be 
applied routinely. However, there are circumstances that occur reasonably often and warrant the 
additional computational effort, for example, when sensitivity or resolution are severely limited 
by sample concentration or lifetime of the molecule under investigation. In addition, when a great 
many survey spectra are being collected, for example experiments to determine pH or tempera- 
ture dependence, the time savings afforded by nonlinear sampling can be substantial. Relaxation 
measurements appear to be well suited to nonlinear sampling; however, the ability to quantitate 
reliably features in spectra reconstructed from nonlinearly sampled data has not yet been demon- 
strated. 

The results shown here clearly illustrate the advantages of nonlinear sampling schemes applied 



576 

to the collection of COSY-type NMR data. These schemes are applicable to the indirectly detect- 
ed dimensions of two- and higher-dimensional experiments. The technique can be used to 
improve resolution or sensitivity, or to reduce overall experiment time. Implementation of nonlin- 
ear sampling is not difficult on modern spectrometers, and with the advent of more powerful 
computers, the computational cost is rapidly becoming less burdensome. As a result, nonlinear 
sampling and MaxEnt reconstruction can be added to the repertoire of techniques used to 
enhance the sensitivity and resolution of protein NMR experiments. 
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