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Resonance assignment of intrinsically disordered proteins is made difficult by the extensive spectral
overlaps. High-resolution 3D and 4D spectra are thus essential for this purpose. We have adapted the ser-
ies of 3D BEST-experiments proposed by Lescop et al. [E. Lescop, P. Schanda, B. Brutscher, A set of BEST
triple-resonance experiments for time-optimized protein resonance assignment, J. Magn. Reson. 187
(2007) 163–169] to the case of unfolded proteins. Longer acquisitions in the indirect dimensions are
obtained by implementing semi-constant time evolution and sparse sampling. Using maximum entropy
reconstruction for the indirect dimensions, the artifact intensity due to sparse sampling can be reduced to
a level similar to the other sources of noise. The reduction of the sampled increments and the shorter
duration of individual transients makes it possible to record a 4D experiment with reasonable resolution
in less than 60 h.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Multidimensional (nD) NMR provides detailed information on
biological macromolecules at the atomic resolution. However, it suf-
fers from two drawbacks, low sensitivity and long measurement
times. At first glance, these seem to be inextricably linked. Until re-
cently, the length of a nD experiment was determined by its intrinsic
(low) sensitivity and many 3D experiments were acquired overall
several days only to achieve a reasonable signal-to-noise ratio. For
this purpose, one would usually repeat a given pulse sequence with-
out any change in the timing, phase setting and pulsed field gradient.

With the advent of high magnetic field and cryoprobe technol-
ogy, the sensitivity has drastically improved over the recent years.
Consequently, it is now possible to overcome the low sensitivity of
a single scan. The design of nD experiments can be optimized with
different goals in mind: the acquisition of a highly resolved spec-
trum with higher dimensionality within the minimal amount of
time. Three different tracks have been followed by several research
groups: reducing the length of an individual scan, collecting more
information per scan (by never repeating exactly the same scan)
and sampling the indirect dimension in a clever manner.

The first approach is based on the finding that the largest
amount of time spent per individual scan is devoted to the relaxa-
ll rights reserved.
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tion delay where the spins are allowed to recover towards their
thermodynamic equilibrium. It attempts to reduce this delay by
selective excitation, which leaves other spins unaffected: this is
the underlying principle of fast pulsing methods initially proposed
by Pervushin et al. [1] and implemented in the SOFAST [2] and
BEST-experiments (Band-selective excitation short transient) [3].
Single scan acquisition techniques rely on spatial encoding [4,5]
as in MRI: within a single experiment, the spins located at various
coordinates in the sample experience different evolution and the
information usually gathered from different increments is here col-
lected simultaneously. Finally, alternate sampling techniques aim
at replacing the standard Cartesian grid used in indirect dimen-
sions by sparse schemes [6–10]. In most cases, the inherent limita-
tions of the processing algorithm dictate how the points are
sampled [11,12]. Non-uniform sampling methods (NUS) can be
combined with several processing techniques such as generalized
FT [6,7], maximum entropy reconstruction [8,9] or three-way
decomposition [10]. These sampling techniques inevitably lead to
artifacts in the processed spectra that need to be minimized at
both the acquisition and processing level. Rather than actually
increasing the number of dimensions sampled independently,
APSY [13] uses 2D projection of 6D experiments combined with
an efficient algorithm (GAPRO) to identify all projected peaks.

Based on different principles, these three groups of techniques
(imaging, fast pulsing and alternate sampling) can be combined
at will. For example, single scan methods have been recently
merged with fast pulsing techniques. In this communication, we
explore how to combine fast pulsing techniques with non-linear
sampling. While fast pulsing techniques were initially developed
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Fig. 1. Comparison of the absolute sensitivity of the BEST-HNCO experiment with a standard HNCO. A 2D experiment corresponding to a 1H–13CO plane was acquired
(sw1 = 1200 Hz, 128 � 2 increments and 16 scans). The interscan delay (d1) was set to 1.0 s for the HNCO sequence and 0.2 s for the BEST-HNCO. The overall experimental
time for this 2D experiment decreases from 90 mn for the HNCO to 26 mn for the BEST-version. The spectra were Fourier transformed using the Rowland NMR toolkit [8].
Insets (a) and (b) compare the normalized amplitude of the first FID for the two schemes on protein Hbxip while inset (c) compares the cross-peak intensities in the two
1H–13CO planes. Starting from the peak picking on the HNCO experiment, the intensities of the cross-peaks in both spectra were optimized using nlinLS [30] assuming a
lorentzian line-shape in both dimensions.
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for globular folded proteins, we are extending their application to
unfolded proteins which have recently attracted attention.

More than 30% of the proteins in the human proteome [14] are
either fully unfolded or contain unfolded regions of significant
length and do not fold into stable three-dimensional structures.
Despite their lack of structure, these proteins play important roles
in many physiological and pathological processes. In the case of
folded proteins, the shortening of the interscan delay is made pos-
sible by the fast selective relaxation rate of the 1H [1] when their
neighbors remain close to the equilibrium value. This property is
clearly associated with the local mobility of the polypeptidic chain
which is likely to be quite different in unfolded proteins.

In this communication, we demonstrate that BEST-experiments
can be applied to intrinsically disordered proteins. As these macro-
molecules lack persistent secondary and tertiary structures, their
NMR spectra exhibit two features: in the absence of conformational
shifts, the chemical shift dispersion of a given type of signals is mod-
erate but the line-width of each of them is relatively narrow due to
the fast conformational averaging. Therefore, their resonance
assignment as well any further study requires 3D spectra with en-
hanced digital resolution. In contrast to single scan experiments
[5], fast pulsing methods such as BEST-experiments are fully com-
patible with non-linear sampling methods. A first combination of
these two concepts has been reported by Maciejewski et al. [15]
while studying aliasing in non-uniform sampling. Here, we will
show that well-resolved 3D spectra can be obtained overnight, and
4D experiments in two days by combining fast pulsing and non-uni-
form sampling. When processed with maximum entropy recon-
struction, the sampling artifacts along the sparse dimensions can
be minimized to a reasonable level. As a model protein, we have used
a 99 residue (91 + a poly-His tag) protein called Hbxip [16], known to
interact with protein Hbx, a non-structural viral proteins of Hepatitis
b. Preliminary results (Pierre Gans, personal communication) show
that this protein is mainly unstructured in solution.

2. Results and discussion

2.1. Experimental sensitivity

Resonance assignment for intrinsically disordered proteins
presents a different challenge than for folded ones. While the
constraint on sensitivity is generally relaxed, digital resolution be-
comes even more critical for disordered proteins to the discrimina-
tion of nearly degenerate signals. For a fixed amount of
spectrometer time, higher digital resolution in indirect dimensions
can be achieved only at the expense of reducing the duration of
each individual scan. BEST-experiments [3] seem a priori well sui-
ted for shortening this duration because they allow interscan delay
as short as 0.2 s. However, the laws of spin physics that make these
pulse sequences effective may not be fully applicable to the case of
intrinsically disordered proteins. BEST-experiments rely on the
assumption that the rate of recovery of the HN protons is much fas-
ter when other backbone and side-chain protons are not excited.
This fast recovery can be explained by compensation of auto-
and cross-relaxation mechanisms with other protons. NMR relaxa-
tion properties of intrinsically disordered proteins [17] are clearly
different from that of globular proteins and it can be anticipated
that this compensation might not be as efficient. On the other
hand, amide protons in unfolded proteins are solvent exposed
and thus interact more closely with water protons by chemical ex-
change. Note that these two effects are exploited in the Het-SO-
FAST experiment [18] to assess the structural compactness of
polypeptide chains.

As a detailed investigation of these effects is beyond the scope
of the present study, the sensitivity of the BEST-sequence has been
experimentally compared to that of the standard triple resonance
sequence on protein Hbxip [16]. Inspection of the 1H–15N HSQC
spectrum of this protein (data not shown) reveals that 76 out of
89 assigned residues have their HN between 8.0 and 8.5 ppm. This
is a clear signature of the absence any persistent secondary struc-
tures under the NMR experimental conditions. In Fig. 1a and b, the
amplitude of the first increment in a BEST-HNCO is compared with
that from a regular HNCO on protein Hbxip. For the HNCO se-
quence, a delay of 1.0 s were chosen, a value routinely used in
our laboratory for most proteins. For the BEST-version, a 0.2 s delay
was selected for the most efficient use of spectrometer time. For a
quantitative comparison, the cross-peak amplitudes in a 1H–13CO
plane of a 2D BEST-HNCO were plotted against the amplitude in
the HNCO version (Fig. 1c). The absolute intensities in the BEST-ver-
sion are on average 64% of that in the regular experiment: if the ra-
tio of the experimental time (nearly 3) is taken into account, this
means that both sequences have a similar relative sensitivity. The
scattering of the intensity correlation in Fig. 1c demonstrates that
the relaxation processes and possibly the exchange with bulk
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Fig. 2. Pulse sequence used to record a 4D BEST-HNCO[CACB] on intrinsically unfolded proteins (inset a). Based on the 3D BEST-HN(CO)[CACB] described earlier [3], it
correlates the following nuclei: HN(i), N(i), CO(i-1) and simultaneously Ca and Cb(i-1). The corresponding 3D version BEST-HN(CO)[CACB] is obtained by setting t3a = t3b = 0.
Both 15N and 13CO frequencies are labeled during a transfer delay in a semi-constant manner (see below). Filled and open pulse symbols indicate 90� and 180� rf pulses. All
selective 1H pulses are centered at 8.2 ppm, covering a bandwidth of 4.0 ppm: PC9 or E-BURP2 shapes are used for 1H 90� and REBURP for the 180�. CO pulses have sinx/x
shape whereas Ca and Ca/Cb pulses are rectangular with zero excitation at the CO frequency. sNH = 2.4 ms � 1/4JNH, sNC0 = 14.5 ms � 1/2J0NC , sCC’ = 4.5 ms � 1/2J0CC ,
sCC = 3.5 ms � 1/4JCaCb (sampling of both Ca and Cb resonances) or sCC = 7.1 ms � 1/2JCaCb (sampling of Cb resonances). Note that these actual delays encompass the
duration of the 180� refocusing/decoupling pulses placed at their center. Quadrature detection in t1 and t3 is obtained by time-proportional phase incrementation of w1 (and
u1) and u3, respectively according to TPPI-states. For quadrature detection in t2, echo–antiecho data are recorded by inverting the sign of gradient in the center of the bracket
and phase u2. Pulsed field gradients are applied along the z-axis (PFG) with durations of 200 ls–2 ms and field strengths ranging from 5–40 G/cm. See Lescop et al. [3] for
further details. The Varian sequence and processing scripts are available from the author upon e-mail request. Inset b show the detailed timing of semi-constant evolution (t2)
for 15N during the delay 2 � sNC0 . During this period the contributions of the JNH and JNCa are refocused while the JNCa is active. Let us define tmax

2 as the largest increment in the
(linear or non-linear) sampling schedule and Dt2 the dwell time associated with the 15N spectral width. t2a and t2b are incremented in parallel according to: t2a = k. (tmax

2 /sNC0 ).
Dt2 and t3a = k. [1.0 � (tmax

2 /sNC0 )]. Dt2 with k 2N. If a NUS schedule is used for this dimension, the largest value tmax
2 cannot be computed from the number of points but rather

should be estimated by scanning the schedule. A similar computation is performed for the t3 delay in the case of a 4D experiment. Inset c displays the 2D sampling pattern
used for the 4D experiments. We have arbitrarily chosen to sample the two 13C dimensions in a non-linear manner (sw3 [13C0] = 1200 Hz and sw1 [13Ca/Cb] = 11,000 Hz). The
schedule was generated using the sampling generator at the Univ. of Connecticut (http://sbtools.uchc.edu/nmr/sample_scheduler/): 400 points out of 2400 (40 � 60) possible
points were selected. These pairs of integers are entered as arrays in the Varian vnmrj program and used inside the pulse sequence to evaluate the delays. The 15N dimension
was sampled linearly (36 � 2 data points) but the spectral width was reduced to 17 ppm leading to the aliasing of some resonances. The evaluation of the delays for the semi-
constant time is achieved inside the c-pulse program according to the formula given above.
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water interfere in a complex manner with the fast pulsing ap-
proach when applied to unfolded proteins. These features are cur-
rently investigated in detail in our laboratory (Bernhard Brutscher,
personal communication).

2.2. Modification of the BEST pulse sequences

The reduction of the experimental time brought by the fast
pulsing can be used to boost the resolution in unfolded proteins:
because of their favorable relaxation properties, the indirect
dimensions in a 3D experiment can be sampled for longer t1 or t2

values. In the original design of the BEST-sequence proposed by
Lescop et al. [3], the 13C dimension is sampled in a conventional
manner but the 15N dimension is sampled in a constant time
way. Whereas the resolution in the 13C dimension can be readily
increased, the pulse sequence has to be modified to accommodate
longer sampling in the 15N dimension. With a 15N spectral width of
1600 Hz, only 46 increments can be measured during the delay
2 � sNC0 used to transfer the 13C magnetization back to 15N. To cir-
cumvent this limitation, one can either use a double constant time
evolution [19] or a semi-constant time one [20,21]. The first meth-
od, designed specifically for ‘‘out-and-back’ experiments, makes
use of two transfer delays to sample the indirect frequency. For this
to function properly, one should be able to restore the coherences
at the beginning of the second period as they were generated at the
end of the first one. Pulsed field gradient used to purge unwanted
coherence might be detrimental. We have chosen to use a semi-
constant-time approach [20] as depicted for a BEST-HNCO[CACB]

http://sbtools.uchc.edu/nmr/sample_scheduler/
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Fig. 3. Influence of the sampling schedule on the resolution and signal-to-noise. BEST-HNCACB spectra were acquired with various schedules for the 15N–13C dimensions with
a constant number (4000) of (t1, t2) hypercomplex points. A 13C–1H plane at 15N = 123.9 ppm is displayed as well as a 1D slice taken at the arrow position. In inset (b), a linear
schedule of 50 � 80 hypercomplex points was used and the data processed with FT in both indirect dimensions. In inset (e), a sparse sampling schedule with
(tmax

1 � tmax
2 ) = 66 � 137 and in inset (h) with (tmax

1 � tmax
2 ) = 106 � 229. Spectra (e) and (h) were processed automatically using the 2D MaxEnt reconstruction routine (‘‘msa2d”

[24]) with constant k and no deconvolution. The script for processing was generated using the RNMRTK script generator at http://sbtools.uchc.edu/nmr/nmr_toolkit/.
Optimization was carried out using similar parameters for both spectra – (Def, k) = (3.95, 1.03) for (e) and (3.24, 1.44) for (h) and converged in less than 18 cycles. The 1D
slices (a), (c) and (f) were taken along the 13C dimension at the position of the arrow. Slices (d) and (g) taken at a position which contains no signal to provide an estimate of
the noise (thermal + t1 noise). The 13C line-width of the two cross-peaks around 50 ppm is 150 Hz in (a), 80 Hz in (c) and 70 Hz in (f). Processing of the 3D data set using FT
took 30 s and using MaxEnt processing took about 20 mn on a MacBook computer with a 2 GHz Intel Core 2 Duo.
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scheme in Fig. 2B. The timing of this building block seems rather
convoluted because the 15N evolution is measured during a 13C
to 15N delay during which a number of passive couplings (JNH, JNCa)
are refocused. In our case, t2a and t2b are incremented in parallel in
contrast to choices made elsewhere [22], where a non-constant
time evolution is included only for longer delays. These alternate
approaches should affect the signal line-shapes marginally.

2.3. Digital resolution and artefacts in the indirect dimensions

When longer time increments for indirect dimensions are sam-
pled, resolution is expected to improve, but at the expenses of sig-
nal-to-noise ratio. We have compared three BEST-HNCACB
experiments recorded on Hbxip for the same amount of experi-
mental time (16 h, 4000 hypercomplex (t1, t2) increments). As a
reference experiment, a linear sampling scheme 50 � 80 was ac-
quired and Fourier transformed (Fig. 3a). Two experiments with
a sparse sampling schemes (66 � 137 and 106 � 229) were col-
lected. Undersampling of the first scheme is moderate (44%) and
the other more severe (16%).

These data sets were processed by maximum entropy (MaxEnt)
reconstruction using the Rowland NMR toolkit1 implementation.
MaxEnt searches for a spectrum f that has the highest entropy
among several spectra that are consistent with the measured FID.
The optimization has to achieve a dual goal, minimizing the differ-
ence C(f) between the calculated and measured data and maximizing
an entropy term S(f). A linear combination of the two functions
Q(f) = S(f) � kC(f) is thus minimized. Compatible with phase sensi-
tive NMR data, the signal entropy defined by Hoch et al. [23].

Sðf Þ ¼
XN�1

n¼0

Fn log
1
2
� Fn þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4þ F2

n

q� �� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4þ F2

n

q
with Fn ¼

jfnj
def

ð1Þ
1 http://rnmrtk.uchc.edu/rnmrtk/RNMRTK.html.
contains a scale factor def related to the spectrometer sensitivity. A
measure of the noise level gives an estimate of def and a suitable
value of k is evaluated on representative rows or planes of the
spectrum. Once these parameters are determined (cf Mobli et al.
[24] for details), MaxEnt reconstruction becomes a nearly auto-
mated procedure. An a posteriori validation of these parameters
is given by the number of loops required for convergence (typi-
cally <50).

Let us compare the 13C–1H planes of the BEST-HNCACB experi-
ment shown in Fig. 3b and e. Spectrum 3b was processed using
apodization and FT along t1 and t2 and spectrum 3e using MaxEnt
reconstruction. When FT is used in combination with zero-filling, a
apodization window is applied that slightly broaden the signals.
Note that marginal resolution enhancement could be obtained
using the linearly acquired data (data used in Fig. 3b) processed
either with MaxEnt reconstruction or by signal extrapolation using
linear prediction prior to apodization and FT (spectra not shown).
The narrower line-width in the 13C dimension in Fig. 3e is primarily
the result of the longer acquisition time (tmax = 137 � Dt(13C) in-
stead of 80 � Dt(13C)). The weaker intensity of some peaks in spec-
trum 3e (as compared to 3b) can be rationalized by the higher
resolution in the orthogonal 15N dimension: a peak that is slightly
off-resonance will not appear in the adjacent planes if the digital
resolution is higher.

For longer acquisition in the indirect dimensions (Fig. 3h), no
further improvement in resolution is obtained but the signal-to-
noise ratio is lower. This deterioration can be ascribed to two ef-
fects: a less-favorable relaxation and artifacts due to incomplete
sampling. In the 13Ca/13Cb and 15N dimensions, the semi-constant
time acquisition leads to a longer pulse sequence during which
relaxation will be more effective. Data points sampled at longer
increments contain a higher proportion of noise but the peak inte-
grals remains preserved. It should be remembered that the integral
of a spectrum in the frequency domain is given by the amplitude of
the first increment at t1 = 0 in the time-domain. Rovnyak et al. [25]
have shown that the number of sampling points (in indirect

http://sbtools.uchc.edu/nmr/nmr_toolkit/
http://rnmrtk.uchc.edu/rnmrtk/RNMRTK.html
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dimensions) that lead to the maximum signal-to-noise ratio does
not coincide with the number required for the optimal resolution:
if R2 is the transverse relaxation time of a nucleus detected indi-
rectly, the most sensitive spectrum is obtained at �1.2 � R�1

2 and
the best resolution at �3 � R�1

2 . Although the transverse relaxation
rates in protein Hbxip have not been quantified, the sampling
schemes used for Fig. 3eand h are somewhere between these
two optima.

When NUS is used, another type of artifacts adds to the real
noise (either thermal or t1 noise). Starting from the sampling
pattern, one can evaluate the point spread function (PSF) by
Fourier transformation (a sampled point is set to 1, a non-sam-
pled to 0). If randomness is introduced into the sampling sche-
dule, then the PSF will resemble noise [26,27] despite its
deterministic nature. Each peak in the spectrum is convoluted
by the PSF and thus the artifacts are proportional to the main
peak. This point is illustrated in Fig. S1 (Supplementary infor-
mation): using a synthetic data set where only 3% of the com-
plete sampling schedule is retained, the artefact amplitude is
more than 10% of the main peak. MaxEnt partially deconvolutes
the PSF from the spectrum [27] and thus reduces these arti-
facts, as do several other methods (but not FT). Fig. S1 shows
that the artifacts visible in the FT of the synthetic data can
be considerably reduced by MaxEnt processing. By suitable
choices of the threshold parameter def, the amount of reduction
can be tuned to some extent. Other processing techniques such
as the three-way-decomposition [10] may also be to also reduce
artifacts.

To evaluate the relative contribution of noise and sampling arti-
facts in experimental data, one can compare the ‘‘noise” in two
slices: one that contains a parent peak (Fig. 3c) and one where
no signal is expected (Fig. 3d). In the case of BEST-HNCACB shown
in Fig. 3, the thermal and/or t1 noise present in any slice is domi-
nant, showing that MaxEnt has successfully removed a large frac-
tion of sampling artifacts. Note that this finding might not be
true in all cases, for example in spectra containing intense diagonal
signals.
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8.5 8.4 8.3 8.2

a

8.5 8.4 8.3 8.2

b

8.5

c
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13C dimension in (b) and (c) are due to the incomplete deconvolution of the J(CO–Ca) co
(10–20%) is detected in (b) and (c) as compared to the reference spectrum (d).
2.4. Could the pulse sequences be simplified?

Our data are intended to be processed with MaxEnt reconstruc-
tion, a strategy that offers more flexibility at the acquisition level
than standard FT in two ways. On one hand, sampling a first data
point at time t1 or t2 = 0 is no longer required. It is a common prac-
tice to sample signal shifted by ½ dwell time when required de-
spite the slight baseline distortion induced by the necessary
phase correction to restore an absorptive profile. On the other
hand, spectral deconvolution can be carried out during processing,
i.e. some unwanted splittings can be removed at the processing le-
vel. These two options open new avenue for designing pulse se-
quences by removing a number of extraneous pulses. In general,
each time a new pulse is introduced, a small amount of the coher-
ence is lost because pulse imperfections.

In all BEST-sequences the following building block is encoun-
tered several times:
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where 13C1 and 13C2 represent two kinds of 13C, such as 13CO, 13Ca or

13Cb (cf. Fig. 2a). Note that all pulses are selective and thus are of fi-
nite duration. The frequency of the single quantum coherence asso-
ciated with spin 13C2 is sampled during this t1 evolution. The first
180� pulse on C1 aims at decoupling the JCC coupling but introduces
a Bloch–Siegert shift that is cancelled by the last 180� on C1. The
180� on C2 helps to remove any first-order phase correction owing
to the refocusing properties of a 270� pulse (180� + 90�). We can re-
move these three pulses altogether, while being aware of the out-
comes: the JCC will remain active during the t1 evolution and the
finite duration of the 90� pulses will prevent the recording of a point
at t1 = 0.

Two 3D BEST-HNCO spectra [3] were acquired, one with the
standard sequence and another where these three pulses were
omitted. In the absence of the 180� pulse on C2, it becomes impos-
sible to record a spectrum which strictly corresponds to t1 = 0. If
the sampling grid is shifted by a non integral value of the dwell
ce with
MaxEnt
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13Cab (t3) is shown in fig. 2c. Starting from the time-domain data containing
36 � 400 � 602 hypercomplex data points as [t2 � (t1, t3) � t4], one obtains a 4D
frequency-domain matrix of 64 � 128 � 128 � 256 data points [13CO, 15N, 13Cab, 1H
]. To minimize the shared memory requirements, the conventionally sampled
dimensions (t2, t4) were first Fourier transformed and the 1H spectral region devoid
of peaks was eliminated. For each (F2, F4) point, a 2D time-domain (t1, t3) file was
then created. The def value was evaluated on the basis of the noise and the suitable
k value by processing representative (t1, t3) planes. All (t1, t3) planes were then
processed using ‘‘msa2d” with the same def and k value. Subsequently, the (F1, F3)
planes were then combined along the F4 acquisition dimension, leading to a
collection of [13CO, 13Cab, 1H] 3D matrices for various 15N frequencies. Whether a
given dimension has to be reversed for display (i.e. whether the quadrature phase
shift is +90� or �90�) is more conveniently determined on simple 2D planes
recorded on the spectrometer using standard linear sampling and FT.
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time, restoring an absorptive line-shape would require a large fre-
quency-dependent phase correction, leading to baseline rolls. In
contrast, if the grid is shifted by one increment, the result is a spe-
cial case of sparse sampling that can be processed using MaxEnt
without further phase correction. Fig. 4 shows representative slices
of a BEST-HNCO experiment recorded on protein Hbxip using the
original sequence (Fig. 4d) and without the 180� pulses (Fig. 4a–
c). Comparison of Fig. 4a and d shows that the timing issue is prop-
erly handled by MaxEnt reconstruction; in the absence of any fre-
quency phase correction, absorptive signals are obtained with a flat
baseline. In contrast, the removal of the 1J(CO–Ca) by deconvolu-
tion is incomplete (Fig. 4b and c) for any splitting value used for
this purpose (51 and 53.5 Hz, respectively). If vertical slices are
taken along the 13C dimension in Fig. 3a, the asymmetry of the
doublet is clearly visible indicating that a model assuming purely
in-phase splitting is not appropriate. Cross-correlation effects
between relaxation mechanisms (13CO CSA and 13C–13C dipole–di-
pole) [28] lead to some asymmetry in the doublet. As this feature
may vary from one residue to another, it is not feasible to define
a common shape that could be deconvoluted for all spin systems.
Such cases would call for a modified MaxEnt algorithm where
the function defining the pattern would be optimized during the
reconstruction. Despite the occurrence of artifacts, a slight increase
(between 10% and 20%) of the signal amplitude is detected be-
tween Fig. 4d and b (or 4c). The artifacts preclude the full benefit
of this sensitivity increase as the three 180� pulse are intertwined
and cannot be suppressed independently.

2.5. Extension to 4D experiments

The benefits of sparse sampling can be extended to higher
dimensionality, such as 4D and 5D experiments. In the process of
resonance assignment of unfolded proteins, ambiguities due to
near degeneracy of chemical shifts can be resolved either by
increasing the digital resolution or adding the frequency of an
additional nucleus [13]. Inspection of several out-and-back pulse
sequences shows that the coherence pathway from the HN to the
side-chains migrates through several intermediate spins. In this re-
spect, one can consider using all intermediate steps to label fre-
quencies. For instance the 3D BEST-HN(CO)CACB experiment
involves transfer through CO, and can be converted at no cost into
a 4D BEST-HNCOCACB. The pulse sequence details are shown in
Fig. 2a and b and the sampling schedule in inset 2c. While all indi-
rect dimensions could be in principle be sampled in a non-linear
manner, practical considerations dictate several choices. At the
time these data were processed, the Rowland NMR toolkit was only
able to handle two-dimensional sampling schemes and carry out
2D MaxEnt reconstruction. Alternate methods such as spectral
folding/aliasing could be combined with these techniques, but
the spectral dispersion of unfolded proteins defines some bound-
aries. For instance, extensive aliasing as proposed by Lescop et al.
[29] (ASCOM) shows rather limited efficiency for proteins that lack
any secondary chemical shifts.

Within 60 h of instrumental time, a 4D BEST-HNCOCACB was
acquired on our model protein and processed by means of FT and
MaxEnt reconstruction (cf. caption to Fig. 5 for details). In order
to yield the same digital resolution, a standard experiment would
require roughly 18 times more spectrometer time. This time saving
can be split into two components: a factor of three provided by fast
pulsing (cf. Fig. 1 and associated discussion) and a factor of six pro-
vided by sparse sampling 6 (400 increments instead of 2400). Our
shorter approach would have a lower sensitivity because the over-
all acquisition time determines the global S/N of the experiment.
However, this is usually not an issue for intrinsically disordered
proteins. An illustrative 2D slice of the 4D spectrum is displayed
in Fig. 5 and 1D slices provide visual insight into the resolution
and signal-to-noise achievable. The digital resolution of the pro-
cessed spectrum is 18, 8 and 85 Hz, respectively along the 13CO,
15N, 13Cab dimensions. Due to the length of the 4D acquisition, it
is not feasible to optimize the resolution in the three indirect
dimensions beforehand: The resonance scattering should be taken
into account as well as the relaxation properties of the various
spins. These properties might be field dependent in the case of
CO chemical shift anisotropy. Using the 4D experiment described
above and other 3D spectra recorded on Hbxip, nearly complete
assignment of the backbone resonances could be obtained.

3. Conclusions

In this paper, we have demonstrated that fast pulsing methods
(BEST-sequences) initially designed for folded proteins can be
adapted to unstructured macromolecules, despite their markedly
different relaxation properties. As compared to standard triple-res-
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onance experiments, a relaxation delay between transients as short
as 0.2 s can be employed. The BEST-approach is fully compatible
with sparse sampling techniques in the indirect dimensions: im-
proved digital resolution can be obtained by sampling longer time
increments and processing the data with 2D maximum entropy
reconstruction. The pulse sequences have to be slightly modified
to semi-constant time evolution in some of the dimensions. The
MaxEnt reconstruction reduces the sampling artifacts – in the case
of triple-resonance experiments – to a level similar to or below the
standard noise (thermal and t1 noise). In theory, this approach
could relax a number of restrictions on pulse sequence design
(elimination of some refocusing pulses) although some cross-cor-
relation effects hinder this strategy. Finally, extension to 4D can
be easily implemented in several schemes for which high-resolu-
tion spectra could be collected within a few days. All these tech-
niques could simplify the resonance assignment of unfolded
proteins where severe spectral overlaps frequently lead to ambigu-
ities. Their implementation, though slightly more complex than for
regular experiments, is likely to be simplified in the near future by
optimization of the interface between the various software pro-
gram used.
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