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a b s t r a c t

A novel diffusion-edited 3D NMR experiment that incorporates a BEST-HMQC pulse sequence in its
implementation is presented. Heteronuclear 3D DOSY NMR experiments are useful in elucidating the dif-
fusion coefficients of individual constituents of a mixture, especially in cases where the proton NMR 2D
DOSY spectra show considerable overlap. The present 3D BEST-DOSY pulse sequence provides a more
sensitive and less time-consuming alternative to standard 3D HMQC-DOSY experiments. Cleanly sepa-
rated subspectra of individual mixture components are obtained, leading to the determination of diffu-
sion coefficients with better accuracy. The feasibility of the technique is demonstrated on a mixture of
amino acids, on a mixture of small molecules with similar diffusion coefficients, and on a complex mix-
ture with large dynamic range (commercial gasoline). The implications of using adiabatic decoupling
schemes and band-selective shaped pulses for selective BEST-DOSY experiments on proteins are also
discussed.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Diffusion-ordered spectroscopy (DOSY) is a powerful NMR
experiment useful in separating signals from different components
of a complex mixture [1–7]. Applications of the DOSY technique
are plentiful and range from the analysis of polymer blends [8],
residue-specific NH rates and intermolecular interactions [9,10],
stacking and nanorod formation [11], molecular diffusion in cells
[12], compositional analysis of block copolymers and host–guest
complexes [13,14], DNA secondary structural elements [15] and
mapping ligand-protein interactions [16–19]. 1H DOSY spectra of
molecular mixtures suffer from problems of severe signal overlap,
because of the relatively narrow range of proton chemical shifts
and hence a number of 3D DOSY techniques have been developed
to overcome this problem, wherein additional resolution is ob-
tained by dispersing signals in the third dimension by appending
a standard 2D pulse sequence to a DOSY experiment [20–22]. Yet
another route to resolve spectral overlap is to perform heteronu-
clear DOSY experiments using nuclei such as carbon-13 which
have high chemical shift dispersion [23–26]. The experiment time
is however a crucial limitation in 3D heteronuclear DOSY schemes
due to the requirement of sampling in the indirect frequency
dimension, with only a few increments allowed in the diffusion
dimension. The overlap of spectral peaks in multi-component mix-
ll rights reserved.
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tures can severely compromise the quantitative estimation of dif-
fusion coefficients of each component. A number of sophisticated
data analysis methods have been evolved to circumvent this prob-
lem which use multi-exponential or continuous distribution fit-
ting, which are successful only to a limited extent [27–30].
Recently, sensitivity-enhanced BEST-HMQC methods [31–33] and
SOFAST-HMQC methods [34–37] were described that achieve a
substantial improvement in resolution and can be used to record
two-dimensional heteronuclear correlation spectra of biomole-
cules in very short times ranging from a few minutes to only a
few seconds. The BEST type of experiments benefit from longitudi-
nal relaxation enhancement by using shaped RF pulses while the
SOFAST type of sequences have the added advantage of using
Ernst-angle excitation.

This work focuses on exploiting the sensitivity-enhanced BEST-
HMQC technique to achieve resolution of overlaps in a novel 3D
heteronuclear 13C–1H diffusion ordered experiment with good sen-
sitivity and a substantial reduction in experiment time. The meth-
od is demonstrated on a mixture of molecules with similar
translational diffusion coefficients, a mixture of amino acids and
a mixture of commercial gasoline. The main advantage in using a
BEST-HMQC instead of the standard HMQC in a 3D DOSY scheme
is the significant reduction in experimental time without a corre-
sponding loss of sensitivity (typical 3D BEST-DOSY experiments
are around four times faster than standard 3D HMQC-DOSY exper-
iments). Several PFG sequences have been proposed to overcome
problems of solvent suppression and thermal convection in pro-
teins [38,39]. We have used band-selective pulses in the diffusion
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sequence in conjunction with water suppression, and implemented
a selective analog of the BEST-DOSY experiment to obtain the
diffusion coefficient of a model protein (lysozyme in 90% H2O
and 10% D2O).
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Fig. 2. The 1D 1H spectra of (a) Mixture 1 with its individual components of
quinine, camphene and geraniol. (b) Mixture 2 and its individual amino acid
components L-phenylalanine, DL-valine and L-tryptophan. Sixteen scans were
collected with 8192 complex points for each scan. Spectra were apodized with a
1 Hz exponential linebroadening function, baseline-corrected and zero-filled to
minimize digitization errors. The vertical scaling factor has been adjusted so that
the noise level is the same in all spectra.
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2. Results and discussion

The pulse sequence for the 3D BEST-DOSY experiment is given
in Fig. 1. We have designed a novel fast-pulsing 3D heteronuclear
diffusion experiment by concatenating a BEST-HMQC scheme with
a DOSY stimulated echo based diffusion (STE) sequence. A substan-
tial speedup in data acquisition and high sensitivity are the hall-
marks of this 3D heteronuclear diffusion experiment, and are
achieved by reducing the recycle delay between scans. The STE
pulse sequence retains the magnetization along the z-axis during
the diffusion interval, thereby minimizing losses due to fast relax-
ation of transverse magnetization.

The 1D 1H spectra of the mixture of quinine, camphene and
geraniol in methanol-d4, (Mixture 1), and the mixture of amino
acids L-phenylalanine, DL-valine and L-tryptophan (Mixture 2)
are shown in Fig. 2. The spectra of the mixtures show considerable
overlap in resonances. The standard 2D DOSY spectra of Mixtures 1
and 2 are shown in Fig. 3, which show a set of overlapping peaks.
While it is clear from the DOSY spectrum of Mixture 1 (Fig. 3a) that
there are at least three components in this mixture, a closer inspec-
tion and comparison with the 1H spectrum of Fig. 2a reveals over-
laps between quinine and geraniol and between camphene and
geraniol along the DOSY dimension, which would lead to inaccura-
cies in the estimation of their respective diffusion coefficients.
While the solvent peak in the amino acid mixture (Fig. 3b) is sep-
arated along the diffusion dimension, none of the three amino
acids could be resolved along the DOSY dimension. These overlaps
could not be separated with the processing methods available with
TopSpin, leading to the conclusion that a 3D extension of the DOSY
Fig. 1. Pulse sequence for the 3D BEST-DOSY experiment. s denotes the magnetiza-
tion transfer delay 1/2JCH in the BEST-HMQC sequence and trec is the recycle delay
between scans. The delay d1 accounts for spin evolution during the band-selective
pulse and is adjusted to yield pure phase spectra in the 1H dimension. The unfilled
shaped pulses denote the band-selective pulses that were used for proton excitation
in the desired region. Refocusing of the protons in the t1 evolution period is
achieved by the band-selective pulse denoted by the filled shape. D denotes the
diffusion interval and the G6 gradients are used for dephasing/rephasing magne-
tization during the diffusion interval. The gradient pulse lengths are denoted by d
and sr is the gradient recovery delay. 13C decoupling during acquisition was
achieved using an adiabatic decoupling sequence. For phase sensitive detection the
phase of the second proton pulse is incremented according to the States-TPPI
method. If no phase cycling is indicated, pulses were applied along the x-axis.
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Fig. 3. 2D 1H DOSY NMR spectra of (a) Mixture 1 (geraniol, camphene, and quinine)
and (b) Mixture 2 (L-phenylalanine, DL-valine and L-tryptophan). Proton chemical
shifts (ppm) are indicated along the x axis and diffusion units (log(D/m2s�1)) on the
y axis.
method would be required to obtain accurate diffusion coefficients
for each of the individual components of these mixtures.

The BEST/SOFAST-HMQC sequence is a fast-pulsing technique
wherein reduced acquisition times are achieved by Ernst-angle
excitation, smaller number of rf pulses and longitudinal relaxation
optimization [34]. The spin states of all other unexcited protons
that are not directly involved in the coherence transfer pathways
remain unperturbed leading to efficiency of spin-lattice relaxation
and hence reduced relaxation delays between experimental scans.
The standard HMQC pulse sequence using gradients and the 2D
BEST-HMQC sequence are implemented on quinine in methanol-
d4 and compared in Fig. 4a and b, respectively. The 1H excitation
pulse is applied using a Gaussian cascade (Q5) excitation shape
[40]. Band-selective 1H refocusing is realized using an RSNOB pulse
[41]. The pulses are centered at 3.0 ppm and cover a bandwidth of
3756 Hz and 3901 Hz corresponding to pulse lengths of 2 ms and
1.2 ms, respectively for the Q5 and RSNOB shapes at 600 MHz.
The transfer delay is set to 1/(2JCH) with JCH = 145 Hz. Peaks in
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Fig. 4. Comparison of 2D 1H–13C spectra of quinine in deuterated methanol
recorded at 600 MHz using (a) standard HMQC pulse sequence with gradients and
(b) BEST-HMQC pulse sequence. 1H excitation and refocusing covering the
frequency range from 1.78 ppm to 4.0 ppm in the BEST-HMQC experiment was
achieved using a Gaussian cascade (Q5) excitation [40] pulse of 2 ms and an RSNOB
pulse [41] of 1.2 ms respectively. The flip angle of the excitation pulse was set at
90�. The selective pulses were centered at 3.0 ppm and had a bandwidth of 3756 Hz
and 3901 Hz, respectively. The relaxation delay in the BEST-HMQC experiment was
set at 200 ms and at 1 s in the HMQC experiment. 13C decoupling during t2 was
realized for the standard HMQC and for the BEST-HMQC using an adiabatic
decoupling sequence in both experiments.
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Fig. 5. BEST-HMQC planes extracted from the 3D BEST-DOSY experiment for each
subspectrum in Mixture 1. BEST-HMQC subspectra of (a) geraniol, (b) quinine and
(c) camphene extracted from the respective 3D experiments for diffusion coefficient
ranges of 9.0 � 10.0 � 10�10 m2/s, 6.2 � 7.2 � 10�10 m2/s and 12.2 � 13.2 �
10�10 m2/s, respectively.
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the range 1.78–4.0 ppm were excited. The S/N ratio for the peaks at
2.33 ppm/40.2 ppm, 2.68 ppm/56.2 ppm and 3.10 ppm/60.4 ppm is
59.87, 94.21 and 107.46, respectively in the standard HMQC exper-
iment (calculated using the SINO function in Topspin). The S/N ra-
tio for the peaks at 2.33 ppm/40.2 ppm, 2.68 ppm/56.2 ppm and
3.10 ppm/60.4 ppm is 65.98, 126.29 and 166.52, respectively in
the BEST-HMQC experiment (calculated using the SINO function
in Topspin). The BEST-HMQC spectrum shows a gain in signal to
noise ratio as compared to the standard HMQC spectrum for qui-
nine, all other experimental parameters including the decoupling
sequence being kept the same. For both 2D experiments, 256 t1

increments of 2K data points and 16 scans were recorded, with
relaxation times of d1 = 1 s and 200 ms for the standard HMQC
and BEST experiments, respectively. Phase cycling followed the
States-TPPI method and processing consisted of apodization using
a squared cosine bell, followed by zero-filling and Fourier transfor-
mation to a 2 K � 2 K data matrix. In order to explore the efficacy of
the BEST sequence in obtaining good 2D correlations we have
carried out a comprehensive analysis of the Signal-to-Noise (S/N)
ratios for all the three Mixtures. The data is collated in Table 1.
The S/N ratios for different signals in each BEST spectrum were
computed using the Topspin command SINO and compared with
the S/N of the same signal in the standard HMQC experiment.
The BEST experiment was repeated for three different pulse
shapes: a polychromatic PC9 excitation [42], a Gaussian (Q5) wide-
band excitation cascade [40] and a broadband Seduce excitation
shape [43]. In general we found that all three shapes gave good re-
sults. The band-selective pulses of the different shapes considered
are centered at 3.0 ppm, 3.0 ppm and 4.0 ppm corresponding to a
pulse length of 2.0 ms for Mixtures 1–3, respectively. Phase cycling
Table 1
Comparison of S/N ratios obtained using Topspin com
and for the BEST experiment using different shaped

Experiment Mixture 1 M

HMQC 62.46 (2.39 ppm) 4
103.0 (2.67 ppm) 2

PC9 68.38 (2.39 ppm) 3
117.0 (2.67 ppm) 4

Q5 47.01 (2.39 ppm) 2
113.42 (2.67 ppm) 4

Seduce 103.77 (2.39 ppm) 3
137.1 (2.67 ppm) 3
followed the States-TPPI method and processing consisted of apo-
dization using a squared cosine bell, followed by zero-filling and
Fourier transformation to a 2 K � 2 K data matrix.

A diffusion coefficient is computed for each correlation in the
3D BEST-DOSY experiment by varying the gradient strengths in a
number of experiments, concatenated into a single 3D experiment.
Identical diffusion coefficients are identified as belonging to the
same individual component and the BEST-HMQC correlations be-
come ‘‘diffusion-tagged’’. Figs. 5 and 6 show the 2D subspectra ex-
tracted from the 3D BEST-HMQC DOSY experiments on Mixtures 1
and 2. For both experiments, three slices from the transformed 3D
DOSY spectra are shown at the diffusion coefficients corresponding
to the individual components. Despite spectral crowding and sim-
ilarity of diffusion coefficients, the resolution in the DOSY dimen-
sion is sufficient to clearly separate the individual diffusing
components. The results of the 3D heteronuclear DOSY experi-
ments are displayed as a series of projected 2D spectra which are
the integrals between given diffusion limits of the 3D spectrum
with axes (xH,xC,D). At higher gradient strengths, faster diffusing
components are suppressed and each spectrum is simplified.
Fig. 5a–c shows projections of the BEST-HMQC subspectra from
the 3D BEST-DOSY experiment on Mixture 1 corresponding to
geraniol, quinine and camphene respectively onto the xH �xC

plane. The diffusion coefficients D computed from the 2D subspec-
mand SINO for the standard HMQC experiment
pulses for the three different mixtures.

ixture 2 Mixture 3

4.48 (2.19 ppm) 48.6 (1.6 ppm)
7.38 (3.05 ppm) 66.24 (3.21 ppm)

3.24 (2.19 ppm) 25.44 (1.6 ppm)
8.3 (3.05 ppm) 148.46 (3.21 ppm)

5.78 (2.19 ppm) 15.96 (1.6 ppm)
6.58 (3.05 ppm) 94.42 (3.21 ppm)

6.58 (2.19 ppm) 22.48 (1.6 ppm)
0.27 (3.05 ppm) 122.04 (3.21 ppm)
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Fig. 6. BEST-HMQC planes extracted from the 3D BEST-DOSY experiment for each
subspectrum in Mixture 2. BEST-HMQC subspectra of (a) L-tryptophan (b) L-
phenylalanine and (c) DL-valine extracted from the respective 3D experiments for
diffusion coefficient ranges of 1.5 � 2.5 � 10�10 m2/s, 5.0 � 6.0 � 10�10 m2/s and
6.0 � 7.0 � 10�10 m2/s, respectively.
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Fig. 7. (a) The 1D 1H spectrum of Mixture 3 (commercial gasoline) and (b) 2D 1H
DOSY NMR spectrum with proton chemical shifts (ppm) indicated along the x axis
and diffusion units (log(D/m2s�1)) on the y axis. BEST-HMQC planes extracted from
the 3D BEST-DOSY experiment for each individual component in Mixture 3 of
commercial gasoline are shown in (c), (d) and (e). BEST-HMQC subspectra of (c)
Aromatics (d) Olefins and (e) Aliphatics extracted from the respective 3D exper-
iments for diffusion coefficient ranges of 3.0 � 4.0 � 10�10 m2/s, 4.5 � 5.5 �
10�10 m2/s and 8.0 � 9.0 � 10�10 m2/s, respectively.
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tra turn out to be 9.0 � 10�10 m2 s�1, 6.4 � 10�10 m2 s�1, and
12.2 � 10�10 m2 s�1 for geraniol, quinine and camphene, respec-
tively. The relaxation delay was set to 200 ms and the experimen-
tal time was around 02 h. This is a substantial time savings over
the previous study which performed a 3D standard HMQC-DOSY
experiment on the same mixture [23] and used a total experimen-
tal time of 17 h for a total of 05 diffusion points.

Fig. 6a–c show projections of the BEST-HMQC subspectra from
the 3D BEST-DOSY experiment on Mixture 2 corresponding to L-
tryptophan, L-phenylalanine and DL-valine respectively. The diffu-
sion coefficients D computed from the 2D subspectra turn out to be
1.5 � 10�10 m2 s�1, 5.2 � 10�10 m2 s�1, and 6.2 � 10�10 m2 s�1 for
phenylalanine, tryptophan and valine, respectively. The relaxation
delay was set to 500 ms for a total experiment time of 04 h.

In both Figs. 5 and 6, almost complete resolution of the diffusion
encoded spectrum is obtained with each subspectrum containing
signals only from the particular individual mixture component. A
good match was observed between the peaks in the 2D slice
through the diffusion domain of the 3D BEST-DOSY spectrum and
the 2D BEST-HMQC spectrum of the individual mixture compo-
nents (spectra not shown). In order to reduce convection due to
possible sample heating during the 3D experiments, a ‘‘cool’’ adia-
batic decoupling sequence using smoothed chirp inversion pulses
was used during acquisition. Using adiabatic 13C decoupling en-
ables lower powers than standard decoupling sequences such as
GARP and hence less heating over a broader spectral width.

In order to demonstrate the efficacy of the BEST-DOSY technique
on a ‘‘real’’ complex mixture, we performed the experiment on a
sample of commercial gasoline. The components of gasoline can be
separated into paraffins, olefins, naphthenes and aromatics and
has been analyzed previously using routine 1H NMR spectroscopy
[44,45]. The 1D proton spectrum of gasoline is shown in Fig. 7a.
The spectrum can be subdivided into aromatic (6.7–8.0 ppm),
olefinic (4.6–6.0 ppm) and aliphatic (0.5–3.3 ppm) chemical shift re-
gions. Fig. 7b shows the proton DOSY spectrum recorded on gaso-
line, showing considerable overlap in the diffusion coefficients.
Fig. 7c–e shows projections of the BEST-HMQC subspectra from
the 3D BEST-DOSY experiment on Mixture 3 corresponding to aro-
matics, olefins and aliphatics respectively. The diffusion coefficients
D computed from the 2D BEST-HMQC subspectra for commercial
gasoline turn out to be 3.3 � 10�10 m2 s�1, 5.1 � 10�10 m2s�1, and
8.9 � 10�10 m2s�1 for aromatics, olefins and aliphatics, respectively.
The relaxation delay was set to 200 ms for a total experiment time of
02 h. The different regions are well separated in Fig. 7 according to
differences in their diffusion coefficients, indicating that the 3D
BEST-DOSY experiment could be of use for high-throughput pur-
poses and in developing quality control NMR based protocols for
commercial gasoline.

The average diffusion coefficients determined for the individual
components of Mixtures 1–3 determined by analysis of different
signals in the mixtures for the 2D DOSY and the 3D BEST-HMQC
experiments are given in Table 2. The Stejskal–Tanner equation
was fit to each data set using a nonlinear least squares algorithm.
The second column in Table 2 has diffusion coefficient values (D in
m2 s�1) measured by performing a separate 2D DOSY experiment
on each individual component of both Mixtures 1 and 2. Since
we did not physically separate the components of Mixture 3, the
2D DOSY experiment on each individual component was not per-
formed on Mixture 3. The third column in Table 2 has D values
computed for each individual component by extracting its 2D sub-
spectrum from the 3D BEST-DOSY experiment. In general, there is a
good agreement between the D values of components measured
separately and obtained from the 3D BEST-DOSY experiment on
the corresponding mixture.



Table 2
Average diffusion coefficients of the individual components of various mixtures obtained
from 2D DOSY 1H NMR experiments and 3D BEST-DOSY experiments.

Molecule D (from 2D in 10�10 m2 s�1) D (from 3D in 10�10 m2 s�1)

Geraniol 9.2 ± 0.5 9.0 ± 0.4
Quinine 6.6 ± 0.3 6.4 ± 0.3
Camphene 12.5 ± 0.5 12.2 ± 0.5
Tryptophan 1.7 ± 0.5 1.5 ± 0.5
Phenylalanine 5.2 ± 0.3 5.2 ± 0.3
DL-Valine 6.0 ± 0.4 6.2 ± 0.3
Gasoline (Aromatic) – 3.3 ± 0.1
Gasoline (Olefin) – 5.1 ± 0.1
Gasoline (Aliphatic) – 8.9 ± 0.1
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Fig. 9. The results of the BEST-DOSY experiment on lysozyme in water (10:90 D2O/
H2O). The log of the normalized intensity is plotted with increasing gradient
strength. The data were fitted to the Stejskal–Tanner equation. The diffusion
coefficient is computed to be 1.002 ± 0.012 � 10�10 m2/s.
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Recently a double echo PGSTE-WATERGATE sequence was
developed that provides convection compensation and good sol-
vent suppression for diffusion experiments on biomolecules
[38,39]. The implementation of this pulse sequence on a small pro-
tein lysozyme (90% H2O and 10% D2O at a concentration of 2 mM)
is shown in Fig. 8a. We have designed a selective analog of the
PGSTE-WATERGATE diffusion sequence that provides good convec-
tion compensation and solvent suppression, while exciting only a
desired spectral region. The 90� preparation hard pulse in the dif-
fusion part of the pulse sequence is replaced with a band-selective
Gaussian cascade (Q5) shaped pulse [40] centered at 2.5 ppm that
excites resonances in the 1.0–4.0 ppm region. As seen in Fig. 8b,
aliphatic proton peaks in this region are excited, with a fairly good
solvent suppression. The 2D selective DOSY sequence with water
suppression was concatenated with a BEST-HMQC sequence and
applied on the lysozyme sample. The fit of the Stejskal–Tanner
equation and the computation of the diffusion coefficient is shown
in Fig. 9. The diffusion coefficient of lysozyme is determined to be
1.002 ± 0.012 � 10�10 m2/s, in good agreement with previously
determined values for this protein. The method offers fairly good
sensitivity and would find useful application in obtaining accurate
diffusion coefficients of proteins and macromolecular complexes.
3. Experimental

3.1. Model systems and spectrometer details

All the amino acids, small molecules and proteins were pur-
chased from Sigma Aldrich and used without further purification.
The NMR experiments were performed on a Bruker Avance-III
600 MHz spectrometer equipped with a 5-mm QXI probe and
10.0 7.5 5.0 2.5 ppm

(a)

(b)

Fig. 8. 600 MHz 1H spectra of protein lysozyme in water (10:90 D2O/H2O) acquired
at ambient temperature and a low gradient strength (5%) using (a) standard
WATERGATE DOSY sequence and (b) Selective DOSY sequence with water
suppression and a Gaussian cascade (Q5) excitation pulse centered at 2.5 ppm.
The number of scans = 32, D = 100 ms and d = 4 ms. The inter-pulse delay in the
binomial pulses was set to 250 ls.
pulsed field gradients. TopSpin2.1 was used for recording and data
processing. All diffusion experiments were performed at ambient
temperature to reduce the effects of convection currents. The mix-
ture of geraniol (20 ll), camphene (10 mg) and quinine (15 mg) in
deuterated methanol is referred to as Mixture 1, the model mixture
of amino acids L-Tryptophan (8 mg), DL-Valine (15 mg), and L-
Phenylalanine (10 mg) in D2O is referred to as Mixture 2 and the
complex mixture of commercial gasoline (100 ll in deuterated
methanol) is referred to as Mixture 3 throughout this paper.

3.2. 2D DOSY experiments

The signal attenuation due to action of a spin gradient echo in a
DOSY pulse sequence is given by

SðgÞ ¼ C exp½�DðcsgdÞ2ðD� d=3Þ� ð1Þ

where D is the molecular diffusion coefficient, g is the strength of
the magnetic field gradient, c is the magnetogyric ratio, s is the
shape factor of the gradient pulses (which account for the deviation
of the decay due to a nonrectangular shape), D is the duration be-
tween the dephasing and rephasing gradient pulses and d is the
duration of the gradient pulse. The gradient pulses ranged from 1
to 3 ms in duration. The gradient field strength was varied between
2 and 34.5 G cm�1. The DOSY data were obtained with a spectral
window of 8000 Hz by coaddition of 32 transients for the diffusion
measurements, using an acquisition time of 0.772 s and a relaxation
time of 1.5 s. The FIDs were apodized by multiplication by an
exponential decay function equivalent to 1-Hz line broadening
and zero-filled prior to Fourier transformation to form a 8 K � 1 K
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data matrix. The standard 2D DOSY processing protocol was applied
in Topspin software with logarithmic scaling in the diffusion coeffi-
cient dimension. Sixteen points that make up each of the diffusion
decays were fit to the Stejskal–Tanner equation using Gnuplot. Er-
rors of the diffusion coefficient were calculated by multiplying the
standard fitting error calculated within Gnuplot by the t value for
the 95% confidence level.
3.3. 3D BEST-DOSY sequence

The 3D BEST-DOSY pulse sequence (Fig. 1) concatenates a BEST-
HMQC experiment with a stimulated echo diffusion sequence
yielding a 3D data matrix. The 1H band-selective excitation pulses
used for the different samples were either of a polychromatic PC9
[42], Q5 Gaussian excitation [40] or Seduce shape [43] with the
excitation angle set to 90�. Band-selective 1H refocusing is
achieved using R-SNOB in the middle of the t1 evolution period.
The transfer delay s is set to 1/(2JCH). The gradient ratios G1:G2 in
the BEST sequence are set to 11:7. D denotes the diffusion interval
and G6 is the diffusion encoding/decoding gradient. Gradient pulse
durations varied between 1.0 and 2.0 ms and The relaxation delay
between scans was set to 200–500 ms. The BEST sequence excited
only a selected region of protons using a band-selective pulse cen-
tered in the middle of the desired region.

The spectra were zero-filled to 8192 points in the t3 dimension
and 2048 points in the t1 dimension. After a 2D Fourier transform
using the States-TPPI method, the DOSY dimension was recon-
structed on a logarithmic scale and the peaks were represented
in the diffusion constant dimension on a grid of 32 data points.
The HMQC subspectra were obtained by averaging slices centered
at the respective diffusion coefficients. Diffusion constants were
obtained by using a monoexponential fit to three resonances in
each subspectrum and taking the average. Broadband adiabatic
13C decoupling was achieved with a smoothed 1.5 ms chirp pulse
Crp60, 0.5, 20.1 for inversion and a decoupling supercycle given
in the Bruker library: P5m4sp180. The number of diffusion encod-
ing steps in all the 3D BEST-DOSY experiments is 16, and 16 scans
were recorded for a gradient pulse length d = 2 ms and a gradient
recovery time of 200 ls. Band-selective refocusing RSNOB pulse
shapes [41] were used for refocusing in the BEST part of the se-
quence for all the mixtures. Band-selective pulses of Gaussian cas-
cade (Q5) shape were used for Mixtures 1 and 2, respectively while
band-selective pulse of Seduce shape was used for Mixture 3. Dif-
fusion (D) interval times of 43 ms, 50 ms and 200 ms were used for
Mixtures 1–3, respectively.
4. Conclusions

Most heteronuclear PFG NMR experiments that measure molec-
ular self-diffusion processes face difficulties in extracting informa-
tion about similar diffusion coefficients from noisy data with
significant spectral overlap. While conventional 3D DOSY-HMQC
experiments suffer from low sensitivity and long acquisition times
for natural abundant samples, we have shown that incorporating a
BEST-HMQC pulse sequence into the experiment is much less
time-consuming and also has good signal-to-noise ratios. The indi-
vidual NMR resonances are separated in the third dimension in the
3D BEST-DOSY experiment and monoexponential fits to peaks are
used to extract diffusion coefficients. The method was demon-
strated on model multi-component mixtures of amino acids small
molecules and commercial gasoline. Further, a band-selective adi-
abatic pulse was used to construct a selective DOSY experiment
with water suppression and its implementation compared with a
standard WATERGATE DOSY on a protein sample. The selective
DOSY pulse sequence is incorporated into a selective BEST-DOSY
experiment and implemented on a small protein. An efficient and
‘‘cold’’ heteronuclear decoupling scheme is used which avoids
problems in quantitative analysis of diffusion due to slow convec-
tion currents arising in the sample. The three components of the
quinine/camphene/geraniol mixture in Mixture 1, the three amino
acids in Mixture 2 and the components of commercial gasoline in
Mixture 3 differ slightly in their molecular weights and hence have
almost same diffusion coefficients. These model mixtures hence
form a good testbed to check the accuracy of the experimental
methods proposed in this work. The focus in these experiments
is on reducing experiment time while retaining sensitivity and res-
olution overlap advantages of heteronuclear DOSY experiments.
Such experiments would be useful in structure elucidation studies
of mixtures, in natural product drug discovery protocols and in li-
gand-protein binding studies.
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