
Journal of Magnetic Resonance 213 (2011) 171–175
Contents lists available at SciVerse ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier .com/locate / jmr
Communication

Signal enhancement for the sensitivity-limited solid state NMR experiments
using a continuous, non-uniform acquisition scheme

Wei Qiang ⇑
Laboratory of Chemical Physics, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Building 5, Room 406, Bethesda,
MD 20892-0520, United States

a r t i c l e i n f o a b s t r a c t
Article history:
Received 19 June 2011
Revised 17 August 2011
Available online 30 August 2011

Keywords:
Solid state NMR
Non-uniform sampling
Sensitivity-limited sample
Diluted sample
1090-7807/$ - see front matter � 2011 Elsevier Inc. A
doi:10.1016/j.jmr.2011.08.028

⇑ Fax: +1 301 496 0825.
E-mail address: qiangw@mail.nih.gov
We describe a sampling scheme for the two-dimensional (2D) solid state NMR experiments, which can be
readily applied to the sensitivity-limited samples. The sampling scheme utilizes continuous, non-uniform
sampling profile for the indirect dimension, i.e. the acquisition number decreases as a function of the evo-
lution time (t1) in the indirect dimension. For a beta amyloid (Ab) fibril sample, we observed overall 40–
50% signal enhancement by measuring the cross peak volume, while the cross peak linewidths remained
comparable to the linewidths obtained by regular sampling and processing strategies. Both the linear and
Gaussian decay functions for the acquisition numbers result in similar percentage of increment in signal.
In addition, we demonstrated that this sampling approach can be applied with different dipolar recou-
pling approaches such as radiofrequency assisted diffusion (RAD) and finite-pulse radio-frequency-driven
recoupling (fpRFDR). This sampling scheme is especially suitable for the sensitivity-limited samples
which require long signal averaging for each t1 point, for instance the biological membrane proteins
where only a small fraction of the sample is isotopically labeled.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction continuously as a function of t1, while keeping the maximum t1
The two-dimensional (2D) NMR spectroscopy has been widely
applied to determine the molecular structure of large biomolecules
such as amyloid fibrils and membrane proteins [1,2]. A regular 2D
NMR dataset contains a series of time-domain free induction
decays (FIDs) with a uniform increment in the evolution period
in the indirect dimension (t1), and each FID is usually acquired
with the same acquisition numbers. The number of FIDs is deter-
mined by the total evolution period as well as the maximum t1
increment. The total evolution period is chosen so that the cross
peaks in 2D spectrum have comparable linewidths along the direct
and indirect dimensions after the Fourier transformation (FT). The
maximum t1 increment is related to the designed frequency range
in the indirect dimension. For the sensitivity-limited samples, cer-
tain types of window functions such as the Gaussian window are
often applied to both the direct and indirect dimensions when pro-
cessing the 2D spectra in order to achieve the acceptable signal-to-
noise ratio. The application of Gaussian windows in the indirect
dimension is equivalent to the addition of a weighing factor to
the entire 2D dataset, i.e., the information from the FIDs acquired
with longer t1 are diminished even though they contribute to the
total experimental time. In the present work, we describe an alter-
native sampling scheme with the acquisition number decreases
ll rights reserved.
period and the total experimental time the same as for the regular
sampling scheme. This sampling scheme essentially spent most of
the experimental time on the FIDs with greater signal comparing
with the noise. Processing such 2D datasets requires no window
function along the indirect dimension since the acquisition profiles
themselves have the similar effect. We will show that this sam-
pling scheme applied on a selectively labeled beta amyloid (Ab) fi-
bril sample induces 40–50% overall increase in the cross peak
volumes with comparable linewidths as those obtained with the
regular sampling scheme. This will result in a reduction of the
experimental time by the factor of 2 for acquiring a 2D spectrum
with similar quality.

2. Experimental section

2.1. Samples

All experiments were conducted on an Ab fibril sample with 13C,
15N-uniform labeling on the residues Phe20, Asp23, Val24, Lys28,
Gly29, Ala30 and Ile31. The peptide synthesis and the preparation
of the sample have been described previously [3].

2.2. NMR experiments

All experiments were performed at 9.4 T (100.4 MHz 13C NMR
frequency) with a Varian InfinityPlus spectrometer and a Varian
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Fig. 1. The (A) linear and (B) Gaussian acquisition profiles for the continuous, non-
uniform sampling scheme. For each plot, the horizontal axis was the index of t1
points and the vertical axis was the acquisition numbers. The linear and Gaussian
profiles were chosen in such that the total number of t1 points and the areas under
the profiles were kept constant. For the curves in panel (A), the nomination such as
‘‘linear 50%’’ means that the number of scans decays to 50% (i.e. 32 scans)
comparing with the ‘‘square’’ profile. For the curves in panel (B), the ‘‘Gaussian 30’’
means that the width of the Gaussian curve was set to 30% of the total t1.
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3.2 mm magic angle spinning (MAS) probe. The 2D 13C–13C corre-
lation experiments were initialized with 70 kHz p/2 radiofre-
quency (rf) pulse on the 1H channel, which was followed by
50 kHz cross polarization (CP) with adiabatic ramp on the 13C
channel. For the rf-assisted diffusion (RAD), the MAS speed was
10 kHz, the mixing period was 10 ms and the 1H rf amplitude
was set to �60 kHz during CP. For the finite-pulse radiofre-
quency-driven recoupling (fpRFDR) [4], the sample was spinning
at 20 kHz, the mixing period was 1.6 ms and �69 kHz 1H rf was
used during CP. The finite p pulses during the RFDR mixing period
were 15.0 ls, and for both experiments, a 105 kHz 1H decoupling
field was applied during the evolution, mixing and acquisition
periods. For both RAD and fpRFDR experiments, the t1 increment
was set to 36.8 ls and the maximum t1 was 3.5 ms with 96 real
and image FIDs in the indirect dimension.

The acquisition profiles for 2D experiments were set up as fol-
lows: Initially, a one-dimensional (1D) 13C CP spectrum was
acquired and the intrinsic line width was determined by measuring
the full-width at the half maximum (FWHM) of several distinct
peaks. The maximum t1 time was then estimated according to liter-
ature with a designed indirect dimension linewidths [5], and the
number of t1 points was determined from the maximum t1 time
and the designed frequency range for the indirect dimension. The
maximum t1 time was fixed for all the acquisition profiles.
The acquisition numbers for each t1 point were setup according to
Fig. 1 to satisfy the criteria that the total experimental time was
constant for all profiles, i.e. the area below each curve was the same.
Practically, the acquisition number was first calculated according to
linear or Gaussian function, and then rounded to the nearest integer.
To determine the effect of acquisition profiles, we measured the
indirect dimension 13C FWHM and the cross peak volumes. The cross
peak volume was measured by integrating a 10 pts � 10 pts region
around the center of the selected peak using nmrPipe software. For
RAD experiments, the selected peaks were F20 Ca/Cb, D23 Ca/Cb,
V24 Ca/Cb, K28 Ca/Cc, G29 Ca/C, A30 Ca/Cb, I31 Ca/Cb and I31
Ca/Cc1. For fpRFDR experiments, the selected peaks were V24 Ca/
Cb, G29 Ca/C, A30 Ca/Cb and I31 Ca/Cb. These peaks were selected
because they were clearly distinct from other signals in the spectra.
3. Results

The indirect dimension linewidths can be restored by using lin-
ear or Gaussian acquisition profiles with slow decay. Fig. 2A–C
showed the 2D contour plots for the RAD experiments with the
acquisition profiles ‘‘square’’, ‘‘linear 50%’’ and ‘‘Gaussian 50’’,
respectively. It is clear that the spectrum features were retained
by using the non-uniform sampling scheme. The 1D slice in
Fig. 2D–E showed the change of linewidths in the indirect dimen-
sion for different acquisition profiles. The top two slices showed
the linewidths from regular acquisition without and with addi-
tional line broadening during the processing. The following slices
showed the spectra linewidths using ‘‘linear 100%’’, ‘‘linear 50%’’,
‘‘Gaussian 30’’ and ‘‘Gaussian 50’’ profiles, respectively. The profiles
‘‘linear 100%’’ and ‘‘Gaussian 30’’ generated cross peak linewidths
that were considerably larger comparing with the ‘‘square’’ profile;
however, the linewidths could be restored by using slower decay
profiles such as ‘‘linear 50%’’ and ‘‘Gaussian 50’’. The FWHM for
the ‘‘linear 50%’’ or ‘‘Gaussian 50’’ spectra were comparable to
the FWHM for the ‘‘square’’ spectrum with additional line broaden-
ing, while �20% broader than the linewidths for without line
broadening. This result suggested that the weighing factor applied
during the acquisition had similar effect as the weighing factor ap-
plied during the processing in terms of the spectral resolution. The
1D slices shown in Fig. 2D and E also indicated that the corre-
sponding peaks in the contour plots 2(A)–(C) had comparable line-
widths. Since these plots were presented with the same first
contour level height and contour level factor [6], the fact that the
peaks in Fig. 2B and C looked broader then the corresponding peaks
in Fig. 2A suggested qualitatively that the spectra obtained by ‘‘lin-
ear 50%’’ or ‘‘Gaussian 50’’ profiles had higher peak intensities com-
paring with the ‘‘square’’ spectrum, with the assumption that all
peaks had the same line shape.

There is an overall 40–50% signal enhancement using the contin-
uous, non-uniform sampling schemes. Fig. 3 displays a quantitative
analysis to the change of the indirect dimension linewidths and
cross peak volumes for different acquisition profiles. For the partic-
ular amyloid fibril sample with �2 ppm intrinsic linewidths, there
was a �0.4 ppm additional line broadening in the indirect
dimension due to the applying of the Gaussian window functions.
Practically, this 20% line broadening will be present for the sensitiv-
ity-limited sample as the trade-off between a reasonable signal-to-
noise ratio and an acceptable spectra resolution. Fig. 3A showed that
the same amount of line broadening in the indirect dimension can be
achieved using ‘‘linear 50%’’ or ‘‘Gaussian 50’’ acquisition profiles
with no additional Gaussian window function during processing.
Quantitatively, there were 87 ± 16%, 65 ± 12%, 36 ± 14%, 25 ± 9%,
15 ± 8% and 18 ± 9% increments in the linewidths comparing with
the 2 ppm intrinsic linewidth for this sample by applying ‘‘Gaussian
30’’, ‘‘Gaussian 35’’, ‘‘Gaussian 40’’, ‘‘Gaussian 45’’, ‘‘Gaussian 50’’ and
‘‘Gaussian 55’’ profiles, respectively. Fig. 3A also indicated that there
was a broad range of linewidth increment using the non-uniform



Fig. 2. The panels (A)–(C) showed the 2D RAD contour plots for the spectra acquired using ‘‘square’’, ‘‘linear 50%’’ and ‘‘Gaussian 50’’ acquisition profiles, respectively. The
spectrum (A) was processed with 100 Hz Gaussian line broadening in both direct and indirect dimensions. The spectra (B) and (C) were processed with 100 Hz Gaussian line
broadening in the direct dimension, but no line broadening in the indirect dimension. All spectra were shown with the same cut-off contour level in the nmrpipe software.
The panels (D)–(E) displayed two sets of representative 1D slices along 58.3 ppm and 38.5 ppm in the direct dimension, respectively. The acquisition profiles used to obtain
the 1D spectrum were ‘‘square’’ (processed with zero line broadening in the indirect dimension), ‘‘square’’ (processed with 100 Hz line broadening in the indirect dimension),
‘‘linear 100%’’, ‘‘linear 50%’’, ‘‘Gaussian 30’’ and ‘‘Gaussian 50’’ from top to bottom. The vertical dashed lines were used to show the FWHM in the top 1D spectrum (i.e. ‘‘square’’
acquisition profile) for the corresponding peak in each panel.
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sampling scheme. One possible explanation was that different la-
beled sites in the sample have different relaxation rates. Therefore,
the truncation effect due to the acquisition profiles was not uniform
for all labeled sites. As shown in Fig. 3B, while the linewidths was
comparable, the non-uniform sampling schemes resulted in 40–
50% increase in the cross peak volume. The signal enhancement
was due to the fact that most of the experimental time has been dis-
tributed to the FIDs with short t1 and stronger signal, as well as the
fact that all the experimental data was retained during the process-
ing of the FIDs. The similar amount of linewidths increment and sig-
nal enhancement were observed for 2D 13C/13C correlation
experiment using fpRFDR mixing (Fig. 3C and D), which suggested
that the modification on acquisition was robust and may be applied
with different mixing pulse sequences. The combination of Fig. 3A
and C suggested that the increment of linewidths did not change sig-
nificantly for the Gaussian profiles 45, 50 and 55, although Fig. 3A
seemed to indicate a slightly larger linewidth increment for 55 com-
paring with 50. However, the signal enhancement seemed to be
smaller with larger Gaussian profile widths, as shown in Fig. 3B
and D. Therefore, the optimized Gaussian acquisition profile may
have half width at half maximum (HWHM) around 1.8 ms, as calcu-
lated for the Gaussian 45 profile.

In order to assess the change in the signal-to-noise (S/N) ratio
due to the modification of acquisition profiles, we performed anal-
ysis on the spectra noise by integrating over 10 different regions in
each spectrum where there was no cross peak. The average and
standard deviation of the absolute values of the 10 independent
measurements was reported in Table 1. The results indicated that
the change of average noise over different acquisition profiles
was within ±20%. Comparing with the relatively large standard
deviation for the 10 independent measurements, it was reasonable
to assume that the spectrum noise was not affected significantly by
using non-uniform acquisition profiles. Fig. 3B and D then illus-
trated that the S/N ratio should decrease as a function of the widths
of the Gaussian acquisition profiles. Therefore, the present sam-
pling scheme was in principle different from the ‘‘matched filter’’
approach in which the S/N ratio reaches the maximum value when
the applied weighing function matches the intrinsic linewidth in
the original spectrum.
4. Discussion

Depending on the nature of the NMR samples, the data collec-
tion approaches are generally classified into two categories: the
‘‘sampling-limited’’ regime and the ‘‘sensitivity-limited’’ regime.
In the ‘‘sampling-limited’’ regime where 3D or higher dimensional
experiments are often involved, a variety of sampling methods
including reduced dimensionality, projective reconstruction,
covariance NMR and filter diagonalization have been proposed to



Fig. 3. Plots of the increment in the indirect dimension linewidths (A) and (C) and the signal enhancement (B) and (D) by applying the non-uniform sampling schemes to the
2D-RAD (A) and (B) and 2D-fpRFDR (C) and (D) experiments. The linewidths increment was calculated by comparing the FWHM of the selected cross peaks (specified in the
experimental section) in the corresponding spectrum to the calculated linewidths according to the literature method [5]. The signal enhancement was determined by
comparing the cross peak volumes obtained by linear or Gaussian acquisition profiles to the ones by the regular profile. In plots (A) and (C), the spectra with ‘‘square
acquisition profile’’ were processed with 100 Hz Gaussian line broadening in both direct and indirect dimension. The error bars represented the standard deviation of the
same analysis for several cross peaks.

Table 1
Noise analysis for the spectra acquired using non-uniform sampling schemes.a

Acquisition
profiles

Average Standard
deviation

Difference from the square
profiled (%)

Square (no LB)b 5.2e7 4.1e7 –
Square (100

LB)c
4.8e7 4.4e7 �9.2

Linear 100% 5.9e7 3.6e7 11.1
Linear 75% 4.4e7 4.0e7 �18.6
Linear 50% 4.5e7 2.6e7 �15.9
Gaussian 30 6.6e7 3.9e7 21.2
Gaussian 35 4.5e7 2.8e7 �16.0
Gaussian 40 5.5e7 2.6e7 5.4
Gaussian 45 4.3e7 2.3e7 �21.1
Gaussian 50 5.6e7 3.1e7 7.0
Gaussian 55 5.3e7 3.8e7 1.3

a Analysis has only been performed for 2D-RAD experiments.
b Square acquisition profile with 100 Hz Gaussian line broadening along t2 and

zero line broadening along t1.
c Square acquisition profile with 100 Hz Gaussian line broadening along t1 and t2

dimensions.
d Percentage of change in the average noise comparing with square (no LB).
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reduce the experimental time [7–11]. In the ‘‘sensitivity-limited’’
regime, the concept of using the non-uniform acquisition numbers
for each t1 point to achieve signal enhancement in 2D spectroscopy
was first mentioned by Levitt and coworkers in 1984 [12]. How-
ever, most of the studies have been focused on the exponential dis-
crete sampling which requires complicated data processing
methods such as maximum entropy reconstruction algorithm
[13–16]. The present work demonstrated experimentally that the
concept of ‘‘non-uniform sampling’’ can be implemented in a sim-
pler way as far as the sampling is in the ‘‘sensitivity-limited’’ re-
gime. Using the optimized linear or Gaussian acquisition profiles,
the proposed continuous non-uniform sampling scheme resulted
in 40–50% enhancement in the cross peak volume, and therefore
could potentially shorten the experimental time by the factor of
2. Comparing with the discrete non-uniform sampling methods,
the present scheme resulted in similar salvage of sampling time
but with more straightforward data processing approach [17].
For instance, the sampling scheme is suitable for the membrane
protein systems where the isotope-labeled proteins were diluted
by the unlabeled phospholipids vesicles. Due to the restriction of
the total sample volume in solid state NMR experiments, those
samples are usually in the ‘‘sensitivity-limited’’ regime. Although
the Ab fibril samples had �2 ppm linewidths, the application of
the scheme should not be restricted by the linewidths because it
essentially only changes the distribution of acquisition numbers
within different t1 points while the maximum t1 number was
‘‘intrinsically’’ determined by the linewidths. The same idea may
also be applied to 3D or 4D experiments as far as the experiment
is in the ‘‘sensitivity-limited’’ regime and this will in principle
shorten the experimental time by the factor of 4 or 8, respectively.
In addition, the sampling scheme is not limited to the 13C/13C cor-
relation experiments. The application on 15N/13C correlation se-
quences resulted in similar degree of signal enhancement. The
scheme may also be applied to the 2D CHHC or NHHC experiments
where the signal to noise was usually low [18]. However, the num-
ber of scans may need to be set to the integers of four to fulfill the
complete phase cycling.
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5. Conclusion

The present work showed that 40–50% signal enhancement can
be achieved in 2D spectrum for a sensitivity-limited Ab fibril sam-
ple by using the continuous, non-uniform sampling scheme, where
the acquisition numbers decay as a function of the t1 period. This
approach simply spent most of the experimental time on the FIDs
with short t1 which contributed stronger signals. Both linear and
Gaussian decay curves resulted in similar amount of signal
enhancement when the slope of the linear function or the width
of the Gaussian function was appropriately adjusted. For the Ab fi-
bril sample, we demonstrated that the optimized results were ob-
tained when the width of the decay profiles was equivalent to one
half of the entire t1 period. This sampling scheme can be in princi-
ple applied to all ‘‘sensitivity-limited’’ multidimensional NMR
experiments where each FID in the indirect dimension required
large acquisition numbers.
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