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Abstract

A series of sequential, intra-residue, and bi-directional BEST H-N-CA, H-N-CO, and H-N-CB pulse sequences is presented that
extends the BEST concept introduced recently for fast multidimensional protein NMR [Schanda et al., J. Am. Chem. Soc. 128 (2006)
9042] to the complete set of experiments required for sequential resonance assignment. We demonstrate for the protein ubiquitin that
3D BEST H-N-C correlation spectra can be recorded on a 600 MHz NMR spectrometer equipped with a cryogenic probe in only a
few minutes of acquisition time with sufficient sensitivity to detect all expected cross peaks.

© 2007 Elsevier Inc. All rights reserved.
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The sensitivity of NMR experiments is constantly
increasing because of the availability of higher magnetic
field magnets, cryogenically cooled probes, improved elec-
tronics, and the development of optimized NMR pulse se-
quences. Therefore, in many cases the acquisition times of
multidimensional NMR experiments required for the study
of biomolecular structure and dynamics are no longer dic-
tated by sensitivity considerations, but by sampling
requirements. The recording of a high-resolution 3D spec-
trum consists in the collection of several thousand scans
(repetitions) resulting in acquisition times of hours up to
a few days. This observation has triggered the development
of new NMR data acquisition schemes yielding reduced
acquisition times without loss of spectral information.
Examples of fast NMR techniques proposed in recent years
are non-linear time domain sampling [1,2], projection
NMR [3-5], Hadamard-type [6,7] and spatial [8,9] fre-
quency encoding, and extensive spectral aliasing [10]. These
methods have in common that they rely on a reduced num-
ber of sampling points along the indirect time (or fre-
quency) dimensions. However, most of these techniques
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require specific data processing algorithms in order to
extract the multidimensional spectral information. An
alternative to sparse data sampling is the use of short
inter-scan delays to speed up data acquisition. The sensitiv-
ity (signal to noise per unit time) of such fast-pulsing NMR
experiments can be significantly increased by longitudinal
relaxation enhancement techniques [11-13], by Ernst-angle
excitation [14,15], or by polarization sharing [16]. Recently,
we have introduced SOFAST-HMQC [17-19], and BEST-
HNCO/CA [20] experiments that allow recording of 2D
"H-"N and 3D '"H-'°N-'3C correlation spectra of proteins
within a few seconds (2D) or minutes (3D). Here, we pres-
ent the extension of the BEST concept to the complete ser-
ies of sequential, intra-residue, and bi-directional H-N-C
(C=CO, C% or CP) sensitivity-enhanced correlation
experiments for sequential protein resonance assignment.
We demonstrate that 3D data sets can be recorded in about
15-40 min per experiment using uniform time domain sam-
pling. These acquisition times proved to be sufficient to de-
tect all expected correlation peaks in the spectra of a 2 mM
sample of ubiquitin recorded on a 600 MHz spectrometer
equipped with a cryogenically cooled probe. The high sig-
nal-to-noise ratios obtained in these spectra (see Table 1)
indicate that similar short acquisition times are feasible
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Table 1
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Acquisition parameters and statistics of 3D BEST H-N—C spectra recorded on a 2 mM sample of '*C/!*N-labeled ubiquitin on a 600 MHz spectrometer

equipped with a cryogenically cooled triple-resonance probe

3D BEST SWn/SWc Number of complex points Exp. time (min)  Nb of peaks observed/ Relative S/N ratio
experiment (kHz) nn/ne expected®
HNCO 0.772/1.2 19/25 21 69/69 100¢
HN(CO)CA 0.772/2.0 19/30 27 69/69 37
HNCA 0.772/2.0 15/30 20 138/138 22/9
Intra/seq
HN(COCA)CB 0.772/8.0 15/50 38 65/65 20
HN(CO)CACB 0.772/8.0 15/50 36 134/134 24/14
c/cP
iHNCA 0.772/2.0 19/30 28 69/69 15
iHN(CA)CO 0.772/1.2 15/25 25 65/69° 9
iHN(CA)CB 0.772/8.0 15/50 39 64/64 12
iHNCACB 0.772/8.0 15/50 38 133/133 13/9
cv/cP
HN(CA)CO 0.772/1.2 19/25 17 130/138° 11/5
Intra/seq
HNCACB 0.772/8.0 15/50 34 263/267° 19/11-8/5

Intra C*/CP-Seq C*/CP

The carrier frequencies for °N, 13CO, 13C*, and 3C*P were set, respectively, at 118, 175, 56, and 46 ppm. The relative signal to noise (S/N) ratios were
calculated from the average peak intensity in each experiment and normalized with respect to the HNCO experiment.

% Among the 76 residues the 3 proline and the N-terminal residues are not detected. Residues 24 and 53 have been excluded from the analysis because of
extensive line broadening, as well as residue 36 for which the amide 'H frequency is on the edge (6.15 ppm) of the excitation bandwidth chosen for the

band-selective 'H pulses.

® Cross-peaks with C* of glycine residues have low intensity or are missing.
¢ Four sequential correlation peaks are missing (HNg-CAg, HNg—CBg, HN,5—CA,,, and HNgs—CAgy).
9 The absolute average signal-to-noise ratio measured for correlation peaks in the BEST-HNCO spectrum was 800:1.

for recording BEST experiments on other small to med-
ium-sized proteins in the millimolar concentration range.
Interestingly, BEST experiments do not require any partic-
ular data processing tools.

The BEST (band-selective excitation short-transient) H—
N-C experiments of Figs. 1-3 are optimized for minimal
perturbation of aliphatic and water 'H spins. This is real-
ized by applying exclusively band-selective pulses, PC9
[21], E-BURP2, and RE-BURP [22], and pairs of broad-
band inversion pulses (BIP) [23] on the 'H channel. The
large amount of aliphatic and water 'H spin polarization
at the end of the BEST pulse sequence then enhances lon-
gitudinal (spin-lattice) relaxation of amide hydrogen spins
via dipole—dipole interactions (NOE effects) and hydrogen
exchange. More details about the BEST concept can be
found in reference [20]. Fig. 1 shows BEST-HNCO,
BEST-HN(CO)CA, and BEST-HN(CO)CACB pulse se-
quences for sequential correlation of the amide group of
residue i with the CO, C*, or CP carbon of residue (i-1).
Fig. 2 shows BEST-iHN(CA)CO, BEST-iHNCA, and
BEST-iIHNCACB pulse sequences for correlation of the
amide group with the CO, C*, or CP of the same residue.
The pulse sequence elements used to perform intra-residue
N — C* coherence transfer have been introduced and de-
scribed previously [24-27]. Finally, Fig. 3 shows BEST-
HNCA, BEST-HNCACB, and BEST-HN(CA)CO pulse
sequences for correlating the amide group with the CO,
C*, or CP carbons of both the same and the preceding res-
idue. As usual, the parentheses in the experiment name

indicate a nuclear spin that is involved in the coherence
transfer pathway, but not frequency labeled. Note that
the CACB-type experiments can be tuned to yield correla-
tion peaks either with only the CP ((CA)CB-type, 4, =
1/(4Jcc)), or with both the C* and CP carbons (CACB-
type, 4> = 1/(8Jcc)). The coherence transfer pathways of
these BEST experiments are of the out and back type,
and identical to the corresponding hard-pulse based
correlation experiments that are routinely used for reso-
nance assignment of '*C/'°N-labeled proteins. The only
difference, besides the use of band-selective 'H pulses, is
the absence of any composite 'H decoupling during '°N
and *C*P transverse coherence evolution times that is gen-
erally applied to reduce relaxation-induced signal losses
[28]. In BEST experiments, the signal loss arising from
the perturbation of the aliphatic spin polarization by the
composite 'H decoupling would counterbalance the signal
gain due to the longer transverse relaxation times of N,
(C,) with respect to NH. (C,H.) coherence. In a recent
work, Diercks et al. [29] have tested and compared the per-
formance of different broadband 'H decoupling sequences
for minimal perturbation of aliphatic 'H polarization, and
obtained the best results with an XY-16 sequence [30]. We
have tested the performance of our BEST experiments
using either BIP-based XY-16, band-selective IBURP-
based XY-8, or no 'H composite decoupling during the
ISN-13C transfer periods. For ubiquitin using short inter-
scan delays (7., < 500 ms), highest sensitivity was obtained
for the sequences without additional "H decoupling (data
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Fig. 1. BEST pulse sequences to record sequential correlation spectra of proteins: (a) BEST-HNCO, (b) BEST-HN(CO)CA, and (c) BEST-
HN(CO)CACB and BEST-HN(COCA)CB. The four experiments differ by the sequence elements represented inside brackets. Filled and open pulse
symbols indicate 90° and 180° rf pulses. Unless indicated, all pulses are applied with phase x. All selective 'H pulses are centered at 8.2 ppm, covering a
bandwidth of 4.0 ppm, with the following shapes: (1) REBURP [22], (2) PC9 [21], and (3) E-BURP2 [22]. The durations of these pulses are, respectively, 2,
3, and 1.92 ms at 600 MHz 'H frequency. A star indicates a flip-back pulse obtained by time inversion of the excitation pulse shape. Open squares on 'H
indicate BIP-720-50-20 pulses [23]. CO pulses have the shape of the center lobe of a sinx/x function, whereas CA and CA/CB pulses are applied with a
rectangular shape and zero excitation at the CO frequency. The delays are set to: 7y =2.4ms — 0.5 §;; 7o, =2.4ms, 13=2.4ms — 0.5 d,; 14 =2.7ms,
T=14.5ms, 4, =4.5ms, 4, =3.5 ms for CACB-type or 4,= 7.1 ms for (CA)CB-type experiments. The delays d,, J,, and d3 correspond to the pulse
lengths of the PC9, E-BURP2, and Gg gradient, respectively. These settings do not take into account the durations of the 180° rf pulses applied during the
transfer delays that need to be subtracted. Pulsed field gradients, G;—Gg are applied along the z-axis (PFG.) with durations of 200 us—2 ms and field
strengths ranging from 5-40 G/cm. The phase cycling is: ¢; = x, —x, @2 = X, @3 = 2(x),2(—x), @4 =y, and the receiver @,.. = —x, x, x, —x. In the 3D
applications shown here, only a two-step cycle of ¢; and ¢, is performed. The relative durations of G; and Gg are given by the gyromagnetic ratios
G7/Gg = yu/yn. Quadrature detection in 7, is obtained by time-proportional phase incrementation of ¢, and ¢, (if present) according to TPPI-states. For
quadrature detection in #,, echo-antiecho data are recorded by inverting the sign of gradient G; and phase ¢,. In addition phase ¢; is inverted for every
second 7, increment.

not shown), and therefore composite 'H decoupling was
omitted in the final BEST experiments. The initial coher-
ence transfer steps for the sequential, intra-residue, and
bi-directional BEST experiments are given by Eqs. (1)-
(3), respectively

H 2H’N’ 2N’CO’ 17¢g 4N‘COT'CAT

(1)
TR Jni JHN! INgrINCa crcaNH ANICOICAT = 2)
H! 2 0| NG DN N CAT! 4 2NECAT (3)

A special case is the BEST-iHNCO experiment of Fig. 2¢
for which the coherence transfer pathway is given by:

H 2H’N’ 8N/CO'CA'CA!
Jec gNICATICAICO!

Ner v JNCa/NH

The BEST pulse sequences depicted in Figs. 1-3 have been
implemented in the Varian Biopack, and are available from
the authors upon e-mail request.

In order to compare the performance of the BEST se-
quences presented here with standard hard-pulse-based se-
quences, we have focused on the intra-residue iHN(CA)CB
experiment which presents the worst-case scenario for the
BEST approach because of the long transverse N — CA
(~90 ms) and CA — CB (~30 ms) transfer delays involved,
and the absence of 'H decoupling during these periods.
Series of 1D spectra were acquired as a function of the scan
time (pulse sequence length plus recycle delay) for both
BEST (Fig. 2b) and standard pulse sequences on a 2 mM
sample of *C/'*N-labeled ubiquitin (pH 6.3, 25°C) on a
600 MHz spectrometer equipped with a cryogenic triple-
resonance probe. For the standard pulse sequence, band-
selective HY pulses in the sequence of Fig. 2b were replaced
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Fig. 2. BEST pulse sequences to record intra-residue correlation spectra of proteins: (a) BEST-IHNCA, (b) BEST-iIHNCACB and BEST-iHN(CA)CB,
and (c) BEST-iHNCO. The BEST-iHNCACB and BEST-iHN(CA)CB experiments differ from BEST-iHNCA by the sequence elements represented inside
brackets. The delays and phases are identical to those given in the caption of Fig. 1, except for 7'= 17-20 ms (for sequences a and b) and 7' = 22-25 ms
(for sequence c), and ¢ = T-17 ms. The grey shaped pulses applied in sequence (c) on the CA and CO channels to achieve selective CA — CO transfer are
applied with a REBURP profile covering a band width of 20 ppm, and centered at 56 and 175 ppm, respectively.

by hard pulses, and additional composite 'H decoupling 4, = 1/4Jcc for complete transfer to the CP carbons. The
(WALTZ-16), and water flip-back pulses were added as 1D spectra were integrated in the range 7.2-9.5 ppm. The
usual. The CA — CB transfer delays were tuned to  measured intensities normalized for equal acquisition times

>
Fig. 3. BEST pulse sequences to record bi-directional correlation spectra of proteins: (a) BEST-HNCA, (b) BEST-HN(CA)CO, and (c) BEST-HNCACB
and BEST-HN(CA)CB. The four experiments differ by the sequence elements represented inside brackets. The delays and phases are identical to those
given in the caption of Fig. 1, except for 7= 12 ms. The grey shaped pulses applied in sequence (b) on the CA and CO channels to achieve selective
CA — CO transfer are applied with a REBURP profile covering a band width of 20 ppm, and centered at 56 and 175 ppm, respectively.

Fig. 4. (a) Signal-to-noise ratio per unit of time (sensitivity) plotted as a function of the scan time Ty.,, for iIHN(CA)CB spectra recorded using the BEST
implementation (squares) and the standard hard-pulse version (circles). 1D spectra were recorded on ubiquitin (pH 6.3, 25 °C) at 600 MHz using a
cryoprobe. The normalized intensities integrated over the range 7.2-9.5 ppm are displayed. 2D 'H-'>N planes recorded using (c) standard, and (d) BEST
versions of the iHN(CA)CB experiments were obtained with a recycle delay ... set to 200 ms (7., = 370 ms). The total duration of both experiments was
identical (~17 min). For both experiments, 45 complex points were recorded in the N dimension for a spectral width of 30 ppm. The acquisition times
were further doubled by mirror-image linear prediction. Squared cosine apodization was applied prior to zero-filling and Fourier transformation along
both dimensions. The intensity ratios obtained for individual correlation peaks are plotted in (b) versus the residue number. In addition, the secondary
structural elements of ubiquitin are indicated on top of graph (b).
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Fig. 5. 'Hn—'3C strips extracted at the 'Hn/'>N chemical shifts of residues
Y59 (a) and N60 (b) from nine 3D BEST experiments used for backbone
chemical shift assignment. From the left to the right: HNCO, iHNCO,
HN(CA)CO, HN(CO)CA, iHNCA, HNCA, HN(CO)CACB, iHNCACB,
and HNCACB. The spectra were recorded as indicated in Table 1. For
data processing, linear prediction was used to extend the resolution in the
>N and '*C dimensions. Squared cosine apodization functions were used
in all dimensions prior to zero-filling and Fourier transformation. Positive
and negative correlation peaks are shown in black and grey, respectively.
The spectra were plotted with the same contour levels.

are plotted as a function of the scan time (T,,) in Fig. 4a.
As expected from the longitudinal relaxation enhancement
effect, the maximum of these sensitivity curves is shifted
from Ty, ~ 1.5s for the standard pulse sequence to
Tscan =~ 0.5 s for the new BEST sequence. This results in a
small absolute sensitivity gain (~25%) for the BEST exper-
iment if optimal inter-scan delays are used for both se-
quences (optimal sensitivity regime). Higher sensitivity
gains are achieved for high repetition rates of both pulse se-
quences. Average sensitivity gains of ~50% and ~100% are
observed for scan times of 500 and 350 ms, respectively,
while keeping a high overall sensitivity for the BEST exper-
iment. Even higher gains are obtained for scan times
<350 ms (fast pulsing regime) at the expense of a reduced
overall sensitivity. Similar sensitivity curves have been ob-
tained for a variety of other fully protonated protein sam-
ples in the <20 kDa molecular weight range (data not
shown), indicating that the conclusions drawn above are
also valid for larger proteins. In order to evaluate the

sensitivity gain for individual amide sites along the poly-
peptide chain of ubiquitin we have also recorded 2D
BEST-iHN(CA)CB and standard iHN(CA)CB data sets
for an inter-scan delay of 7. =200 ms (7, = 370 ms).
The spectra are shown in Figs. 4c and d, and a histogram
of the measured intensity ratios (BEST/standard) is plotted
in Fig. 4b. These data confirm the average gain of about a
factor of 2 as predicted by the sensitivity curves of Fig. 4a.
The sensitivity gain varies from a factor of 1.5 up to a fac-
tor of ~3.0 for individual amides, clearly demonstrating
the interest of the BEST approach when high repetition
rates are desired to reduce the overall experimental time re-
quired to record a complete set of 3D H-N-C correlation
spectra. Even higher gains are expected for the other exper-
iments of the BEST series.

A set of 11 3D BEST H-N-C spectra has been ac-
quired on the 2 mM sample of '*C/'°N-labeled ubiquitin
(pH 6.3, 25°C) on a 600 MHz spectrometer equipped with
a cryogenic triple-resonance probe (see Table 1). The in-
ter-scan delay was again set to #... = 200 ms for all exper-
iments, presenting a good compromise between high
sensitivity and high repetition rates. In addition, we have
used ASCOM optimization [10] to minimize the >N spec-
tral width without creating any additional peak overlap in
the "H-'"N correlation spectrum. Using a two-step phase
cycle for axial peak suppression this resulted in acquisi-
tion times ranging from 17 to 39 min per 3D experiment
depending on the spectral width and resolution chosen
for the "*C dimension, and the available time for the
CT 1, (*°N) frequency labeling. The acquisition parame-
ters, recording times, number of peaks, and the relative
signal to noise ratios observed in these spectra are sum-
marized in Table 1. The major conclusions are that all ex-
pected correlation peaks were observed in these spectra,
except for four missing sequential correlation peaks in
the HNCACB spectra. The undetected cross peaks in
the BEST-iHN(CA)CO and BEST-HN(CA)CO spectra
involve glycine residues for which the C* chemical shift
evolution is not refocused by the band-selective 180°
pulses applied during the CA — CO transfer steps. Note
that the bandwidth and carrier frequency of the amide
"H pulses need to be adjusted to cover the complete
chemical shift range of a given protein. Amide 'H chem-
ical shifts at the edge or outside the chosen excitation
bandwidth will result in weak or absent cross peaks for
this residue. On the other hand, widening the excitation
band may reduce the sensitivity of the BEST experiment
because of partial perturbation of aliphatic and water
protons (Fig. 5).

In summary, we have presented a set of 3D BEST H-N—
C experiments that yield significantly increased sensitivity
for high repetition rates with respect to standard pulse se-
quences. We have demonstrated that these BEST pulse se-
quences allow recording a complete set of 3D correlation
spectra as required for sequential protein resonance assign-
ment in only a few hours. The BEST experiments are
also compatible with most sparse sampling techniques,
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as illustrated here by the use of spectral compression (AS-
COM). This allows a further reduction in experimental
times. Short overall acquisition times are of particular rel-
evance for unstable protein samples degrading rapidly, and
for monitoring fast processes. More generally, the BEST
sequences allow adjusting the acquisition times to the
intrinsic sensitivity of the experimental setup (sample and
spectrometer). The economized spectrometer time can then
be used advantageously for other less sensitive protein
samples, or for spending more time recording NMR data
providing quantitative information on the protein structure
and dynamics (NOEs, RDCs, relaxation rate constants, J
coupling constants, etc.). We have shown recently for a
fully protonated sample of the 18 kDa protein fragment
SiR-FP18 [31] that the application of BEST sequences is
not limited to small proteins, but it proves also advanta-
geous for larger proteins when short overall acquisition
times are desired [20]. Interestingly, even for a randomly
75% deuterated sample of SiR-FP18, the longitudinal
relaxation enhancement of BEST experiments still leads
to sensitivity gains compared to standard experiments
[20]. We are therefore convinced that the series of BEST
experiments, presented here, will find widespread applica-
tion in the biomolecular NMR community.
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