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Abstract

Non-uniform sampling is shown to provide significant time savings in the acquisition of a suite of three-dimensional NMR

experiments utilized for obtaining backbone assignments of H, N, C0, CA, and CB nuclei in proteins : HNCO, HN(CA)CO, HNCA,

HN(CO)CA, HNCACB, and HN(CO)CACB. Non-uniform sampling means that data were collected for only a subset of all in-

cremented evolution periods, according to a user-specified sampling schedule. When the suite of six 3D experiments was acquired in

a uniform fashion for an 11 kDa cytoplasmic domain of a membrane protein at 1.5mM concentration, a total of 146 h was con-

sumed. With non-uniform sampling, the same experiments were acquired in 32 h and, through subsequent maximum entropy re-

construction, yielded spectra of similar quality to those obtained by conventional Fourier transform of the uniformly acquired data.

The experimental time saved with this methodology can significantly accelerate protein structure determination by NMR, partic-

ularly when combined with the use of automated assignment software, and enable the study of samples with poor stability at room

temperature. Since it is also possible to use the time savings to acquire a greater numbers of scans to increase sensitivity while

maintaining high resolution, this methodology will help extend the size limit of proteins accessible to NMR studies, and open the

way to studies of samples that suffer from solubility problems.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The progress of biomolecular NMR studies can be

substantially hindered by the extensive experimental

time required to establish unambiguous spectroscopic

evidence for chemical shift assignments. For proteins,

many weeks or even several months of experimental
time may be devoted to obtaining all multidimensional
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NMR experiments needed to complete a structural

study, particularly for unstable or partially unfolded

proteins. It is clearly a high priority to significantly re-

duce the time needed to carry out multidimensional

NMR experiments on proteins.

Protein chemical shift assignments are generally de-

termined first for nuclei composing the protein back-
bone and then for amino acid side chain carbon and

proton nuclei. Backbone shift assignments are deter-

mined by contrasting coherence transfer pathways

among sequential amino acids in pairs of three-dimen-

sional (3D) experiments, such as HNCA/HN(CO)CA,

HN(CA)CO/HNCO, and HNCACB/HN(CO)CACB
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[1–4], which are ideal for deuterated proteins. The
HN(CA)HA/HN(COCA)HA pair [5,6] can be added for

non-deuterated proteins. Complete sequential assign-

ments can be obtained in principle from just one pair of

experiments, but it is usually necessary and generally

desirable to acquire all three pairs of 3D spectra to

obtain complete assignments of backbone and Cb car-

bons and to eliminate ambiguities that may arise from

analysis of just one pair.
The time needed to carry out these experiments de-

pends upon achieving two goals for the quality of the

data: a sufficient sensitivity and well resolved reso-

nances. First, for a protein of a given size, factors af-

fecting sensitivity include protein concentration and

stability, and salt conditions [7]. Second, pulse sequences

vary in the number and type of coherence transfer steps

in each experiment, which further affects the sensitivity.
For example, the HNCO experiment generally achieves

ten times the sensitivity that is observed in the com-

panion HN(CA)CO experiment. Third, the ability to

resolve peaks will depend upon the degree of isotopic

enrichment, the size of the protein, and its folded con-

formation. This will also largely determine the magni-

tude of the relaxation rates that govern the line widths of

the detected signals. Fourth, it is well known that ex-
perimental variables influencing both sensitivity and

spectral resolution include the static field strength, dig-

ital resolution, and maximum evolution times in the

indirect evolution periods [8]. The complex array of

sample-specific factors and experimental variables af-

fecting sensitivity and resolution require that a highly

general method be found to accelerate multidimensional

NMR experiments.
It has been previously shown that if poor sensitivity

requires collecting a number of transients per free in-

duction decay (FID) that exceeds the phase cycle length,

then cryocooled probes, which enhance the sensitivity by

factors of about 3–4, can improve the acquisition times

of multidimensional experiments [9]. Yet this sensitivity

enhancement will be attenuated in high conductivity

buffers [7], or may be expended to make large proteins
or dilute samples more amenable to study. Further, even

if a high sensitivity permits using a number of scans per

FID that matches the phase cycle length, long experi-

mental times are needed to construct the complete (i.e.,

uniform) three-dimensional matrix of FIDs with maxi-

mal carbon and nitrogen evolution times that provide

sufficient resolution. Thus, cryogenic probes have their

limits in accelerating the acquisition of multidimensional
NMR experiments. Sample deuteration and transverse

relaxation optimized spectroscopy improve both reso-

lution and sensitivity for large proteins [10,11], but still

require long experimental times [12]. Typical experi-

mental times for the six 3D experiments considered in

this report can range from 12 to 72 h per experiment,

resulting in 1–3 weeks of continuous measuring time to
acquire the full suite, depending on whether cryogenic
probes are available or not. Unstable proteins may need

to be prepared multiple times in order to acquire all such

experiments, entailing high costs for isotopic enrichment

and further delaying the progress of a study.

A general solution for obtaining rapid multidimen-

sional NMR experiments is to couple non-uniform

sampling in indirect evolution periods with maximum

entropy (MaxEnt) reconstruction. Non-uniform sam-
pling of multidimensional NMR data to improve reso-

lution or reduce instrument time was first explored by

Barna and Laue [13] but has not been widely used, in

part because of the steep computational requirements

imposed by methods capable of handling non-uniformly

sampled data. Other approaches for reducing experi-

ment time include reduced-dimensionality experiments

[14,15] and back-projection reconstruction [16,17].
MaxEnt reconstruction is more general than either of

these approaches in several respects. Non-uniform

sampling does not produce overlap of multiplexed res-

onances, as can occur in reduced-dimensionality exper-

iments, and MaxEnt spectra can be analyzed using

conventional approaches. The data sampling employed

in back-projection reconstruction is a special case of

non-uniform sampling, and the data can be processed by
MaxEnt reconstruction. An advantage of MaxEnt re-

construction over back-projection is that the spectra

maintain the projection—cross-section relationship of

conventional Fourier spectra that is lost by minimum

back-projection. These advantages, rapid improvements

in computational power (including clusters of inexpen-

sive computers), and the development of efficient algo-

rithms for MaxEnt reconstruction of multidimensional
spectra [18,19], make non-uniform sampling and Max-

Ent reconstruction an attractive approach for improving

sensitivity, resolution, and reducing experiment time in

multidimensional NMR.

Previously, an HNCO triple-resonance experiment

was modified to perform non-uniform sampling in one

indirect dimension, the constant-time 15N evolution

period, which resulted in a moderate but significant
saving in measurement time [20]. Here we report the use

of non-uniform sampling in the two indirect dimensions

of the commonly used triple-resonance experiments re-

sulting in a dramatic speed up of data acquisition. This

approach requires only modest modifications to data

collection schemes, and is phase sensitive in all dimen-

sions via the States-TPPI method. This strategy yields

high quality spectra suitable for manual or automated
backbone chemical shift assignments. We show that

experimental times are reduced up to fivefold in com-

parison to uniformly acquired experiments while main-

taining high resolution and sufficient sensitivity. This

allows acquisition of the three pairs of triple-resonance

experiments commonly recorded for sequential assign-

ments in less than one and a half days. An application of
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non-uniform sampling to accelerate the acquisition of
side chain assignment experiments is described in a

separate publication [21].
2. Materials and methods

Spectra were acquired on an 11 kDa cytoplasmic

domain of a membrane protein with a concentration of
1.5mM in 90%H2O/10%D2O at a pH of 6.8, and a

temperature of 25 �C. Uniformly sampled data were

acquired for the HNCO, HN(CA)CO, HNCA,

HN(CO)CA, HNCACB, and HN(CO)CACB experi-

ments [22], and using States-TPPI quadrature detection

in all cases. Water suppression was obtained by using

the WATERGATE method [23] in conjunction with

water flip back pulses. The spectra were measured with
512 complex points in the proton dimension, 32 complex

points in the nitrogen dimension, and 64 complex points

in the carbon dimension, as illustrated in Fig. 1A, except

for the HN(CO)CA for which 51 complex points were

measured in the carbon dimension. Spectral widths were

7507 and 1520Hz for proton and nitrogen evolution,

respectively. The carbon spectral widths were 2516Hz

for HNCO/HN(CA)CO, 3773Hz for HNCA/HN(CO)-
CA, and 7546Hz for HNCACB/HN(CO)CACB. A re-

cycle delay of 1 s was used. Acquisition times were 21 h

and 15min (8 scans per FID) for HNCA, HNCACB,

and HNCO, 17 h and 10min (8 scans) for HN(CO)CA,

21 h and 30min (8 scans) for HN(CO)CACB, and 43 h

and 15min (16 scans) for HN(CA)CO, amounting to a

total acquisition time of 6 days 1 h and 40min.
Fig. 1. The (A) uniform and (B) non-uniform sampling schedules employed f

on the two-dimensional grid of all evolution times in the carbon and nitrogen

appropriate for each dimension. To obtain quadrature detection, each dot

imaginary sense of signal evolution for each dimension. The schedule in (A)

evolution while the schedule in (B) has 500 samples distributed over a space sp

non-uniformly in this study.
These experiments were then modified to enable non-
uniform sampling in the 15N and 13C indirect dimen-

sions. Pulse programs are available upon request to the

corresponding author and are also made available at

the url, http://gwagner.med.harvard.edu/. Following the

scheme depicted in Fig. 1B, 500 complex points were

selected from a matrix of 40� 62 points for the 15N and
13C dimensions, respectively, representing a fivefold re-

duction of the sampled data versus a uniform sampling
of the same space. Both dimensions are phase sensitive

by using the States-TPPI method. The spectra were re-

corded with the same sample on the same Bruker

Avance spectrometer operating at 500MHz for protons,

albeit with different cryogenic probes for the uniform

and non-uniform data. Uniform data were acquired

with a 5mm 1H–15N–13C TXI CryoProbe with a recy-

cling delay of 1 s, whereas the non-uniform experiments
were acquired on a 5mm TCI CryoProbe in which both
1H and 13C coil circuits are cryogenically cooled and a

longer recycling delay of 1.5 s was used to address a

temporary lock instability. The acquisition times were

2 h and 34min for HNCO (4 scans per FID), 7 h and

27min for HN(CA)CO (8 scans), 3 h and 44min for

HNCA (4 scans) and HN(CO)CA (4 scans), 7 h and

23min for HNCACB (8 scans), and 7 h and 27min for
HN(CO)CACB (8 scans). The total acquisition time for

the complete set of non-uniformly sampled experiments

was 32 h and 30min. Using the same probe and recy-

cling delay as those of the conventional experiment, it is

feasible to record the non-uniformly sampled data in

one day. The higher experimental time due to the use of

more scans/FID in some of the uniformly acquired
or all spectra in this report are represented as a pattern of dots that fall

evolution periods regularly spaced by the fixed intervals (dwell times)

in this figure represents four spectra corresponding to the real and

has 2048 samples and completely covers all possible values for signal

anned by 62� 40 samples, and was used for every 3D data set collected

http://gwagner.med.harvard.edu/
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experiments is matched by the higher recycling delay
used in the non-uniformly acquired experiments, which

justifies the direct comparison in measuring time.

Uniformly sampled data sets were processed using

NMRPipe [24]. The 15N dimension was extended to 64

complex points with linear prediction. Both 15N and 13C

dimensions were apodized with a shifted squared sine-

bell apodization function and zero filled to 256 complex

points prior to Fourier transformation. Non-uniformly
sampled data sets were processed using the maximum

entropy reconstruction algorithm implemented in the

RNMRTK processing environment [25] and were pro-

cessed to a final size of 256 complex points in the 15N

and 13C dimensions. All data were analyzed within the

program XEASY [26] and assignments were obtained

with the help of the program IBIS [27] (Sastry, Sub-

barao, Stehle, Wagner, unpublished). Previously,
MaxEnt reconstruction was applied to data that were

non-uniformly sampled in only one dimension, and a

row-wise constant-lambda algorithm was developed to

handle these cases [18]. However for reconstructing

planes of data that result from non-uniform sampling in

two dimensions it is necessary to carry out full plane-

wise reconstructions. While this increases the computa-

tional demands of carrying out the spectral estimation,
the RNMRTK implementation includes multi-threading

capabilities and each data set could be processed in 15–

20min on a dual processor (Xeon-3.2GHz) computer.

A computer program was written in the Tcl/Tk

scripting language to assist in choosing and configuring

sampling schedules and processing scripts for the six

backbone assignment experiments. It is named COAST

(Configuring Acquisition Sampling Tables) (Rovnyak,
unpublished, available at URL http://gwagner.med.

harvard.edu/) and was used to create properly formatted

sampling tables and processing scripts for all non-uni-

formly sampled experiments in this report. Features

include a graphical interface, a relaxation rate calcula-

tor, a choice of several preconstructed schedules, and the

ability to save a master parameter file that can be re-

viewed at a later time. Processing scripts generated by
COAST suggest conservative initial values of two ad-

justable parameters that are used by the MaxEnt algo-

rithm, def, and lambda, whose optimal values depend in

principle on the noise level of the time domain data. def

is a scaling factor applied to a modified Shannon en-

tropy expression [28] which influences the magnitude of

the smallest amplitude signal that will be detected with

the MaxEnt algorithm. lambda weights the experimental
data and influences the degree of non-linear scaling of

resonances in the spectral estimations. Presently it is

more efficient to optimize def and lambda manually and

we find that the quality of MaxEnt reconstructions is

very tolerant to variations in their values. The initial

values suggested by COAST are chosen such that, for

most data sets, a user should gradually decrease def to
maximize sensitivity, and increase lambda to minimize
non-linearity. This process may require up to 2–4 trial

values in some cases, and is efficient since the software

allows for performing MaxEnt reconstruction on a sin-

gle plane before running a full reconstruction. More

detailed discussions on def, lambda, and the MaxEnt

algorithm employed here have been described previously

[18,25,28]. RNMRTK is available from J. Hoch upon

request (hoch@uchc.edu).
3. Results and discussion

We define non-uniform sampling in this report as

acquiring data using a different number of transients for

different evolution times. We do not consider acquiring

data at non-integer multiples of the incremented time
interval (dwell time) in a given indirect evolution period

since the MaxEnt reconstruction algorithm depends

upon an inverse Fourier transform and therefore re-

quires all time domain data to occur on an evenly spaced

grid of sample times [25]. Previous reports of non-uni-

form sampling with MaxEnt reconstruction to obtain

multidimensional spectra in both solution [18,20,29] and

solid phase [30] have operated in the special case of
acquiring either zero or a fixed number of transients for

every point on the regular grid of evolution times that

would otherwise be sampled uniformly. We follow this

practice here also, but note that gradient coherence se-

lection techniques can significantly shorten the lengths

of phase cycles and enable more general implementa-

tions of non-uniform sampling.

Whereas previous implementations used non-uniform
sampling in three-dimensional experiments in only one

indirect dimension [20], in the current study we em-

ployed non-uniform sampling in both indirect dimen-

sions. This is achieved by collecting data for a subset of

samples selected from the full two-dimensional grid of

uniformly distributed samples, as shown in Fig. 1B. An

important motivation for performing non-uniform

sampling stems from the ability to match the density of
acquired data to the expected signal envelopes. Thus the

average density of samples is constant across the con-

stant-time nitrogen evolution period, and exponentially

decaying across the carbon period. For observing Lo-

rentzian signals, an exponentially decaying density of

samples ensures that the majority of experimental time is

devoted to the region where the signal, and hence the

signal-to-noise ratio (SNR), is strongest, while collecting
data sparsely at long evolution times, where the SNR is

low, ensures that high resolution is obtained [31]. This

explains why the overall sensitivity remains high, even

though non-uniform sampling involves acquiring many

fewer transients than uniform sampling (see Fig. 3) [12].

An important benefit of the non-uniform sampling

strategy described here is that the spectra produced by

http://gwagner.med.harvard.edu/
http://gwagner.med.harvard.edu/
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MaxEnt reconstruction are in the same format as mul-
tidimensional spectra produced through conventional

Fourier processing of uniformly sampled data and can

be analyzed in an identical manner. This is in contrast to

reduced dimensionality experiments in which the

chemical shift information must be obtained with ad-

ditional analysis of the frequency-domain spectra

[14,15,32,33]. However, the approach described here can

be used to generate a basis set of 3D experiments from
which information equivalent to 4D data can be ex-

tracted, following the strategies of reduced-dimension-

ality [32] and/or projection–reconstruction methods [17]

as described in [21]. Herein we use a conventional

method of determining assignments which entails com-

paring narrow spectral regions in the 1H–13C planes of

the 3D backbone assignment experiments, called strip

plots, to determine the topologies of spin systems. Strip
plots of the spectra obtained by maximum entropy re-
Fig. 2. Selected strips of spectra obtained with (D–F) the non-uniform sam

periments (A–C). Alternating strips of (A, D) HN(CO)CA and HNCA spect

HNCACB, and (C, F) HNCO and HN(CA)CO. It is instructive to use strip

sampled spectra for both sets of spectra to highlight the conservation of the

residue peak that seems to be missing in the HNCA strip of H44 can be ob
construction of non-uniformly acquired data are shown
in Figs. 2D–F and plots from the identical spectral re-

gions from conventionally processed uniformly acquired

data are shown in Figs. 2A–C. In spite of the much

shorter acquisition time, the spectra in Figs. 2D–F dis-

play similar resolution in both the nitrogen and carbon

dimensions as the spectra shown in Figs. 2A–C, which

have been acquired with the use of uniform sampling.

Importantly, the spectra of Figs. 2A–C and D–F show
very similar sensitivity (Fig. 3) indicating that elimina-

tion of three-quarters of the sampling points in the

non-uniform sampling approach does not critically

compromise sensitivity (see Fig. 3B, where both spectra

have the same number of scans). Since MaxEnt recon-

struction is insensitive to incompletely sampled data,

there is no need to apply a weighting function to the

data before processing. In this respect, it is possible to
obtain higher resolution spectra from truncated, uni-
pling scheme described in the text and in Fig. 1 and conventional ex-

ra, starting from left with the HN(CO)CA, (B, E) HN(CO)CACB and

positions based upon 1H–15N peak lists generated from the uniformly

peak positions between the two types of spectra. Note that the inter-

served at a lower contour level.



Fig. 3. Cross-sections taken along the carbon dimensions of (A)

HNCA, (B) HNCACB and (C) HN(CA)CO spectra. For each spec-

trum, a trace of the strip of residue T45 (see Fig. 2) is displayed for the

non-uniformly (top) and conventionally (bottom) acquired data. The

comparison clearly emphasizes the conservation of good signal to noise

and resolution in the spectra obtained non-uniformly.
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form data by MaxEnt reconstruction than by Fourier

transform methods, which would rely upon apodization

functions to suppress truncation artifacts at the expense

of introducing additional line broadening.
The sequential strip connections and peak assign-

ments shown here, which are currently under investi-

gation, were obtained with the help of the automated

assignment program IBIS [27]. Most importantly, non-

uniform sampling and MaxEnt reconstruction provide

the opportunity to collect data with higher resolution

[20,34]. Improving the accuracy and resolution of spec-

tra by using non-uniform sampling and MaxEnt re-
construction means that these spectra are more

amenable to determining assignments, and should lead

to enhanced performance of automated assignment

software [27].

Spectra obtained by MaxEnt reconstruction show

high accuracy and sensitivity [34]. However, unlike the
discrete Fourier transform (DFT), spectral estimates via
maximum entropy reconstruction are non-linear func-

tions of the initial experimental data. We observe that

MaxEnt reconstruction enhances strong peaks but

slightly attenuates weak peaks (compare Figs. 2A–C and

D–F and see Fig. 3). This side effect can be minimized by

adjusting the parameters in the MaxEnt reconstruction,

which was, however, not necessary in the current work.

Besides, this is not a serious concern for the experiments
described here as all sequential connections are estab-

lished via the major cross peaks within each pair of

experiments.
4. Conclusions

Non-uniform sampling of both indirect evolution

periods of a suite of 3D triple-resonance NMR experi-

ments coupled with MaxEnt reconstruction is shown to

be a general solution for significantly reducing the ex-

perimental time needed to obtain these experiments. Six
3D experiments were acquired in 32 h and 30min,

compared to 146 h that are needed with uniform sam-

pling. In this report, the number of scans per evolution

time was 0 or a fixed integer multiple of the length of the

phase cycle. This methodology can be further extended

by allowing the number of scans per evolution time to be

any integer multiple of the phase cycle, which would

produce more finely grained non-uniform sampling.
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