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1. Introduction

The ever-increasing sensitivity of NMR spectrometers[1] has fos-
tered the development of a large number of approaches for
rapidly acquiring multidimensional NMR spectra.[2] In turn, this
has enabled researchers to obtain the information they seek
more rapidly. For example, NMR-based structural and dynamic
atomic-resolution studies can be pursued with reduced
demand for spectrometer time,[3] and time-resolved studies
can be designed with higher time resolution—faster processes
have become amenable to “real time” observations using
NMR.[4]

Three- and higher-dimensional spectra can be acquired rap-
idly by jointly sampling two or more indirect evolution periods
using reduced-dimensionality[5] (RD), or G-matrix Fourier-trans-
form (GFT) projection NMR[6] along with its derivatives “projec-
tion reconstruction” and “automated projection NMR spectros-
copy”.[7] Other approaches can be employed even for the
single indirect dimension in 2D NMR spectroscopy. These in-
clude: 1) non-uniform or severely truncated time-domain sam-
pling combined with non-Fourier-transform-based spectral
processing[8] (maximum entropy, multi-dimensional decomposi-

tion, compressed sensing, covariance processing) ; 2) longitudi-
nal relaxation optimization (l-optimization),[9] allowing for a sig-
nificant reduction of the relaxation delay between scans; 3) Ha-
damard spectroscopy,[10] relying on the use of arrays of selec-
tive radio-frequency (RF) pulses with relative signs as encoded
in Hadamard matrices; 4) ultrafast NMR,[4b] where chemical
shift evolution in the indirect dimension is spatially encoded
such that frequency domain signals can be obtained by apply-
ing a “read-out” pulsed field gradient (PFG) during signal de-
tection in the direct dimension.

The development of ultrafast NMR, which relies on spatio-
temporal encoding of the evolution of indirect chemical shifts
followed by their repetitive decoding/re-encoding during
signal detection in the direct dimension, has allowed recording
of multidimensional spectra in a single scan. The utility of ul-
trafast NMR stimulated the implementation of a variety of
other experiments, based on the fact that RF pulses become
spatially selective when applied concomitantly with PFGs of
suitable strength. The major challenges associated with ultra-
fast NMR arise from the necessity to apply “read-out PFGs”
during signal detection: this greatly reduces intrinsic sensitivity
and can also affect line shapes.

Therefore, NMR experiments were developed that allow the
use of read-out PFGs to be avoided, but which take advantage
of spatially selective excitation. It is possible to design RF-pulse
phase cycles such that the receiver phase is the same for all
steps of a phase cycle. All steps of the phase cycle can then be
employed simultaneously in different “slices” of the sample
and the detected signal simply represents the desired sum of
all free induction decays (FIDs) associated with the phase-cy-
cling scheme; read-out PFGs are not required. This approach
has been named simultaneously cycled (SC) NMR spectrosco-
py.[11] Furthermore, the signal arising from different slices can
be detected separately using “time-staggered” excitation
(Figure 1), that is, only fractions of the sample volume are used
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to acquire the FIDs for a multidimensional experiment,[13] or to
measure accurately nuclear spin relaxation times[14] or molecu-
lar translational diffusion.[15] For the design of new experi-
ments, it is important to note that the intrinsic sensitivity of
a spatially selective (SS) NMR experiment is significantly re-
duced by each additional SS RF pulse, and also that the SS
1808 pulses required for refocusing shift evolution introduce
large phase shifts, which are rather difficult to compensate for,
in addition to the significant loss of sensitivity. It is thus desira-
ble to implement a given experiment with the least possible
number of such pulses, ideally with a single SS RF pulse for ex-
citation.

Furthermore, longitudinal spin relaxation between scans
greatly affects the intrinsic sensitivity of an NMR experiment:
sensitivity per unit time is maximal when the total time for lon-
gitudinal relaxation between scans is about 1.25 T1 (where T1

represents the corresponding 1H relaxation time). Therefore,
l-optimization,[2a, 6b, 9, 16] possibly combined with the application
of an excitation pulse at the “Ernst angle”,[4h, 17] is advantageous
whenever rapid sampling is accomplished by shortening the

relaxation delay between scans. Furthermore, quanti-
tative analysis of NMR spectra when, for example,
measuring relative concentrations or deriving dis-
tance information from nuclear Overhauser effects,
can be severely impeded by short relaxation delays
(which lead to significantly different steady-state
magnetizations for nuclear spins exhibiting different
T1 relaxation). Therefore, “time-staggered” acquisition
of FIDs (Figure 1) from selectively excited slices offers
the distinct advantage of sampling FIDs rapidly while
using a sufficiently long relaxation delay between
scans. This becomes particularly important whenever
l-optimization is not feasible, for example, in deuter-
ated systems[18] or when protein spectra are acquired
in D2O. In both cases, 1H–1H dipolar interactions that
promote longitudinal relaxation are removed which
results in longer 1H T1 relaxation times.

Polypeptide 15N–1H and methyl group 13C–1H 2D
chemical shift correlation experiments are widely
used to study the polypeptide backbone and core of
a protein, respectively. Heteronuclear multiple-quan-
tum coherence (HMQC) NMR[19] spectroscopy relies
on only two 1H RF pulses and thus offers itself for im-
plementation of SS versions. Here we present HMQC
experiments that combine a single SS 908 1H pulse
with two nonselective 1H 1808 pulses such that 1H
magnetization outside of the selectively excited slice
is returned to the z-axis before signal detection. Spe-
cifically, we implemented simultaneous[20] 2D
[13Cmethyl/15N, 1H] HMQC (sim-HMQC) and constant
time (CT)[21] [13Cmethyl,1H] HMQC (CT-HMQC). Applica-
tions of sim-HMQC are presented for U-[13C,15N] ubiq-
uitin (7.6 kDa) as well as for the U-[2H,13C,15N]-labeled
Northeast Structural Genomics Consortium (NESG;
http://www.nesg.org) target GmR137 (7.5 kDa) in
which the methyl groups of isoleucine, leucine,
valine are protonated (“ILV-protonated”).[22] The appli-

cation of CT-HMQC is demonstrated for U-[2H,13C,15N]-labeled,
ILV methyl protonated, maltose-binding protein (MBP,
43.4 kDa) because methyl HMQC for large proteins benefits
greatly from a “transverse relaxation-optimized spectroscopy
(TROSY) effect”[23] arising from (partial) cancellation of 13C–1H
dipolar relaxation within the methyl groups.

Experimental Section

NMR Samples

NMR data were acquired for three samples: 1) U-[13C,15N]-labeled
ubiquitin [7.6 kDa; 3.7 mm in H2O/D2O (9:1 v/v), containing sodium
phosphate buffer (50 mm, pH 6.0) and 0.02 % NaN3], 2) U-
[2H,13C,15N]-labeled, ILV methyl protonated, NESG target GmR137
(7.5 kDa; 0.7 mm in H2O/D2O (9:1 v/v), containing 2-(N-morpholi-
no)ethanesulfonic acid (20 mm, pH 6.5), 0.02 % NaN3, DTT (10 mm),
CaCl2 (5 mm), NaCl (200 mm)] , and 3) U-[2H,13C,15N]-labeled, ILV
methyl protonated MBP (43.4 kDa) complexed to b-cyclodextrin[24]

(1 mm in the same buffer as sample 2).

Figure 1. Comparison of conventional with time-staggered data acquisition relying on
spatial excitation. A) Conventional data acquisition: the entire sample volume within the
RF-detection coil is utilized to record FIDs with a relaxation delay d1 between scans.
Black represents the excited region of the sample where a sizable steady-state magneti-
zation is present before excitation and for which the signal is detected. The FID is repre-
sented by a triangle and [N,P] within this indicates the real data point N and correspond-
ing phase-cycling step P for the indirect dimension. As an example, complex data acquis-
ition (N = 1,2) is combined with a two-step phase cycle (P = 1,2) cycle for axial peak sup-
pression.[12] B) Time-staggered data acquisition relying on spatial excitation of one slice
of the entire volume at a time defining the region for which an FID is detected. Consid-
ering tFID as the time required to detect an FID and d1’ as the relaxation delay between
scans, the same steady-state magnetization exists as in (A) if d1 + tFID = 4 (d1’+ tFID). The
transitions from pale gray to gray, then to dark gray and eventually to black (second
slice from the top) indicates progressing longitudinal relaxation in a slice while other
slices are excited. As a result, NMR time-domain data can be acquired more rapidly
while ensuring that sufficiently long relaxation times between scans are used.
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NMR Data Acquisition and Analysis

NMR experiments were performed at 25 8C for ubiquitin and at
20 8C for GmR137 and MBP using a Varian INOVA 750 MHz spec-
trometer equipped with a cryogenic 1H[13C,15N] probe (Table S1 in
the Supporting Information). The maximum available z axis PFG
amplitude was Gz = 52 G cm�1. NMR data were processed using the
software NMRPipe[25] and analyzed using the program SPARKY
(T. D. Goddard and D. G. Kneller, SPARKY 3, University of California,
San Francisco, CA). Polypeptide backbone amide and methyl 1H T1

relaxation times were determined by fitting a mono-exponential
function of the signal-to-noise ratio (S/N) as a function of the relax-
ation delays (300, 400, 500, 600, 700, 900, 1100, 1300, 1600, 2100,
4100 and 5100 ms) employed for a series of heteronuclear single-
quantum coherence (HSQC) spectra.

Spatially Selective HMQC

To enhance intrinsic sensitivity, sim-HMQC (Figure 2 A) and CT-
HQMC (Figure 2 B) were implemented by combining a single spa-
tially selective 908 1H pulse (Figure 3) with two nonselective 1808
1H pulses such that 1H magnetization outside of the selectively ex-
cited slice was returned to the z axis in the middle of the indirect
chemical shift evolution (Figure 4). This allows one to avoid an SS
1808 1H pulse that would result in a significant loss of sensitivity re-
sulting from the application PFGs in the presence of transverse
magnetization. Moreover, because two-spin coherence is generat-
ed in HMQC starting from 1H steady-state magnetization, all 15N/13C
pulses can likewise be nonselective.
Spatially (i.e. slice) selective excitation was accomplished using an
RF pulse with the shape of the three central lobes of a sinc func-
tion as previously described.[11] In brief, the time-bandwidth prod-
uct[28] (i.e. the product of pulse width pw and excited spectral
width bw) of such a pulse is 6. For a given amplitude of Gz =
27 G cm�1 of the magnetic z-field gradient (about one half of the
maximum possible amplitude of the gradient amplifier used for
the present study) which is applied simultaneously with the RF
pulse and the gyromagnetic ratio of protons gH = 4.258 kHz G�1,
a given slice thickness Dz requires that the RF pulse excites
a width of bw =Dz Gz gH. For the probe used in this study, the
length of the sample volume located within the RF coil is 16 mm
along the z axis. However, measurement of SS 1D 1H spectra re-
vealed that significant imperfections of the PFGs in the upper
~4 mm prevented the acquisition of high-quality spectra. Hence,
we decided to choose four slices with Dz = 3.0 mm for implement-
ing SS HMQC as shown in Figure 3 B (thereby excluding the upper
~4 mm). With Dz = 3.0 mm, one obtains bw = 33.3 kHz (which is
also equal to the shift of the carrier position when switching from
one slice to a neighboring one) and pw = 180 ms is required for the
selective excitation. To compensate for chemical shift evolution
during the application of the selective pulse, a “re-phasing” PFG[11]

was applied, with half the duration of the selective pulse, immedi-
ately after the RF pulse (Figure 3 A). The amplitude of this gradient
was tuned experimentally by maximizing the signal intensities ob-
served in SS 1D 1H NMR spectra.

Intrinsic Sensitivity of SS Versus Conventional HMQC

The signal intensity S detected for a slice is proportional to its
thickness Dz, whereas the noise N remains the same: signal detec-
tion is accomplished using an RF coil that extends over the entire
volume within a detection coil of length l in the z-direction. Impor-
tantly, however, if n slices are used for SS HMQC, n FIDs can be ac-
quired within the same time that is required to acquire a single

FID of conventional HMQC while preserving the relaxation delay of
the conventional experiment. Dividing the S/N ratio by the square
root of the measurement time yields SNt, a measure of “intrinsic
sensitivity”. If ntSS and ntC FIDs are acquired during the same time
for SS and conventional HMQC, respectively, SNtSS/SNtC scales ac-
cording to Equation (1):

SNtSS

SNtC
� Dz

I

� � ffiffiffiffiffiffiffiffi
ntSS

ntC

r
ð1Þ

Figure 2. SS HMQC RF-pulse schemes implemented for n = 4 slices. Rectan-
gular 908 and 1808 pulses are indicated by thin and thick vertical bars, re-
spectively, and the phase f of the excitation pulses are indicated. When no
RF phase is marked, the pulse is applied along the x-axis. High-power 908
pulse lengths are: 8.5 ms for 1H, 15.5 ms for 13C and 39.0 ms for 15N. The
length of the three-lobed sinc pulse for SS excitation is 180 ms and the con-
comitantly applied SS PFG GS has an amplitude of 27 G cm�1. The re-phasing
PFG GR has an amplitude of 31 G cm�1 and a duration of 90 ms. Water sup-
pression enhanced through T1-effects (WET)[12] is employed to suppress the
water signal. A globally optimized alternating phase rectangular pulse
(GARP) sequence[26] is used for decoupling of 13C (RF field strength = 2.0 kHz)
and 15N (RF field strength = 1.5 kHz) during acquisition of the FIDs. The 1H,
13C and 15N carrier positions are set to d= 4.78, 20.0 and 118.0 ppm, respec-
tively. Sampling in t1 (13C/15N) starts at half increments to ensure a 1808 first-
order phase correction. The duration and strengths of the rectangular PFGs
are G0 (0.5 ms, 3.2 G cm�1) and G1 (0.5 ms, 6.3 G cm�1). Phase cycling: F= x,
�x ; Frec = x, �x for axial peak suppression, and quadrature detection in t1 is
accomplished by altering the phases F and Frec according to the States–
TPPI method.[27] A) Pulse scheme of SS simultaneous 13Cmethyl/15N–1H HMQC.
The delay d2 is set to a compromise value of 4.54 ms considering that
1JCH~125 Hz and 1JHN~90 Hz. Due to simultaneous decoupling of 15N and
13C, the maximum feasible duty cycle of the experimental set-up was
reached at a minimal relaxation delay between scans of d1 = ~150 ms when
t2,max~80 ms (resulting in a delay of ~930 ms between the acquisition of
FIDs for each of the four slices). B) Pulse scheme of SS CT 13Cmethyl–1H HMQC
with d2 = 1/(2 JCH) = 4.0 ms and the CT delay d3 = 28.0 ms.[15] The maximum
feasible duty cycle was reached at d1 = ~100 ms when t2,max~80 ms (result-
ing in an effective delay of ~720 ms between the acquisition of FIDs for
each of the four slices).
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Hence, if ntSS = n*ntC (i.e. SS and conventional HMQC are acquired
over the same total time) and the n slices cover the entire volume
within the detection coil (i.e. n = l/Dz), SNtSS is lowered by 1/

ffiffiffi
n
p

compared to SNtC. A further sensitivity loss results from the re-
duced efficiency of SS excitation when compared to excitation
with a nonselective (high power) pulse, e, which is ~0.80 for the
selective pulse used for the implementation[11] described here
(Figure 3).
Moreover, T1 relaxation should be considered. In particular, such re-
laxation occurs in SS HMQC between the two nonselective 1808 1H
pulses (Figure 4) outside of the excited slice, which leads to addi-
tional reduction of the detected signal intensity: 1H magnetization
is flipped to �z and back to + z for n-1 times between detection
of two subsequent FIDs for a given slice.
For non-CT experiments, the resulting loss of detected signal is
also a function of t1 and thus leads, even for a comparably short 1H
T1 of 500 ms, to a very small signal broadening (< ~1 Hz; Fig-

ure S2) along the indirect dimension (see the Supporting
Information). With mk = Mz,k/Mz

eq corresponding to the
magnetization along the z axis at time point k divided
by its equilibrium value and considering mono-exponen-
tial T1 relaxation during a delay t between time points k
and k + 1 (during which no RF pulses are applied), one
can derive Equation (2):

m
kþ1
¼ 1þ mk � 1ð Þ exp � t

T1

� �
ð2Þ

A formula was thus derived (see the Supporting Informa-
tion) for the ratio 1 of the 1H steady-state magnetiza-
tions present before the first 908 1H pulse in a given slice
of SS and in conventional HMQC experiments. Using
Equation (2), the steady-state magnetizations mSS and mC

present in a given slice in SS HMQC acquired with four
slices and in conventional HMQC, respectively, are [see
the Supporting Information and Equations (3) and (4)]:

mSS ¼ 1þ 2
X

i¼0;1;2;3

Biþ1 Aiþ1 � Aið Þ � A4B4
ð3Þ

mC ¼ 1�2 Bþ AB ð4Þ

where:

A ¼ exp � t1

T1

� �
and B ¼ exp � t2

T1

� �

where t1 and t2 (e.g. 4.54 and 233.54 ms for both SS and
conventional HMQC at t1 = 0 ms in this study) are, re-
spectively, the delays before and after the application of
the 1H 1808 refocusing pulses (during which relaxation is
neglected). Dividing Equation (3) by Equation (4) yields
the desired ratio 1 [Eq. (5)]:

1 ¼ mSS

mC
ð5Þ

After multiplication of 1 with e and (Dz/l)(ntSS/ntC)
1=2 in

Equation (1), the ratio of the corresponding SNt values is
obtained [Eq. (6)]:

SNtSS

SNtC
¼ 1� e� Dz

l

� � ffiffiffiffiffiffiffiffi
ntSS

ntC

r
ð6Þ

Figure 5 provides a plot of SNtSS/SNtC versus 1H T1 for Dz/l = 3/16
(solid line; for present study, see Figure 3); and for Dz/l = 1/4
(dashed line; if the whole sample volume within the RF coil can be
used for SS NMR), e= 0.80, and t1 = 0 ms and ntSS = ntC, that is, for
data acquired rapidly with identical sampling speed (relaxation
delay between scans d1 = 150 ms for both SS and conventional
HMQC; Table S1). Inspection of Figure 5 reveals (i) that for short T1

the ratio increases largely with T1 (which reflects the four times
longer effective inter-scan delays, d1 + t2,max, in SS HMQC), and
(ii) that for T1 around 1.5 s the intrinsic sensitivity of SS NMR can be
expected to be, respectively, about 50 % and 70 % of the sensitivity
of conventional HMQC for Dz/l = 3/16 and Dz/l = 1/4 (whole
sample volume available for SS NMR).
In principle, the translational diffusion of protein molecules needs
to be considered to assess the intrinsic sensitivity of SS NMR. For
the current implementation of SS NMR, however, a nonselective
1808 1H pulse is applied for the refocusing of transverse 1H mag-

Figure 3. Implementation of SS excitation for HMQC with n = 4 slices (Figure 2) on
a Varian INOVA 750 spectrometer equipped with a cryogenic 1H[13C,15N] probe. A) Three-
lobe sinc pulse of 180 ms duration applied along with a slice selection gradient GS

(27 G cm�1) to excite a slice of 3.0 mm which is followed by a re-phasing gradient GR

(�31 G cm�1) of opposite sign to compensate for the “phase ramp” along the slice that
arises from the application of the sinc pulse. B) Four slices (i–iv) are depicted along
12 mm of the sample volume within the receiver coil to exemplify the required change
of the offset, Dtof, from the 1H carrier frequency chosen for slice ii when exciting slice i.
C) Spatial excitation profiles (right) for the slices (left) obtained by applying the sinc
pulse and PFG depicted in (A), detecting the water 1H signal in the presence of a read-
out PFG (3 G cm�1), and subsequent Fourier transformation. Inspection of SS 1D 1H NMR
spectra revealed that the top ~4 mm section (hatched) could not be used for SS NMR
(see the main text). Hence, four slices of 3.0 mm each were chosen as depicted while the
top 4 mm of the sample volume within the RF coil could not be used.
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netization during the indirect evolution period along with nonse-
lective heteronuclear 908 pulses (Figure 2). As a result, protein mol-
ecules diffusing outside of the excited slice, while remaining within
the receiver coil during the time elapsed between slice-selective
excitation and signal detection, still contribute to the signal (which
is detected over the entire sample volume). Furthermore, the diffu-
sion coefficient D, even for the small (7.6 kDa) protein ubiquitin
(1.3 � 10�4 mm2 s�1 at 25 8C), results in a root-mean-squared dis-
placement (

ffiffiffiffiffiffiffiffi
2Dt
p

) of only ~16 mm when the delays between exci-
tation and signal detection are shorter than 1 s. Hence, translation-
al diffusion does not result in any noticeable loss of sensitivity in
SS HMQC experiments.

2. Results and Discussion

First, SS HMQC experiments were implemented and optimized
using the sample containing the 7.6 kDa protein ubiquitin
(3.7 mm). To demonstrate the impact of time-staggered data
acquisition (Figure 1), the average S/N was measured as a func-
tion of the inter-scan delay and then compared with conven-
tional HMQC acquired using the same sampling speed. S/N
ratios were normalized relative to the values observed for
(nearly) fully relaxed 1H spins at very long relaxation delays
(Figure 6). Because the relaxation delay between two FIDs re-
corded from each of the four slices in SS HMQC is four times
longer than the delay between two consecutive FIDs recorded
in conventional HMQC (Figure 1), the S/N ratios increase, as ex-
pected, about four times faster for SS HMQC (Figure 6).

Second, SS HMQC spectra were acquired with relaxation
delays d1 of 150 and 100 ms between scans for sim and CT-
HMQC, respectively, for the three proteins with varying molec-
ular weights and 1H T1 relaxation times (Table S1), namely, U-
[13C,15N]ubiquitin (7.6 kDa), and the two U-[2H,13C,15N]-labeled,
ILV methyl protonated proteins GmR137 (7.5 kDa) and MBP
(43.4 kDa). For comparison, conventional HQMC spectra were
recorded with the same relaxation delays and measurement
times. One set of HMQC spectra was acquired with comparably
long measurement times (6–24 min; Table S1) to ensure that
S/N> ~30 for all peaks, in order to compare accurately the in-
trinsic sensitivity of SS and conventional HMQC. SNtSS/SNtC was
calculated for well-resolved peaks and the resulting averages
and ranges are shown along with the corresponding averages
and ranges of 1H T1 relaxation times (Table S1) in Figure 5. The
close agreement with predictions based on Equation (6) neatly
validates the expected performance of the implementation of
SS HMQC reported here (Figure 2). A second set of spectra was
acquired with short measurement times of 45–120 s to demon-

Figure 4. Conceptual comparison of two conceivable implementations of
SS HMQC with n = 4 slices. A) Hypothetical implementation in which both
the 908 excitation pulse and the 1808 pulse for refocusing 1H chemical shift
evolution are SS. As a result, the steady-state magnetization of only one se-
lected slice is converted into transverse magnetization (as shown on the
right). Large sensitivity losses result from the second SS pulse. B) The imple-
mentation in this study, in which a nonselective 1808 pulse is applied first to
invert the longitudinal magnetization of the entire sample, followed by a se-
lective 908 pulse to excite a selected slice and then a nonselective 1808
pulse for refocusing 1H chemical shift evolution which also returns longitudi-
nal magnetization to + z in the slices that are not excited.

Figure 5. The ratio of the intrinsic sensitivities of SS HMQC with n = 4 slices, SNtSS, and conventional HMQC, SNtC, calculated according to Equation (6), is plot-
ted (solid line) versus 1H T1 relaxation times for identical sampling speed (ntSS = ntC) at t1 = 0 ms, and with Dz/l = 3/16 and an inter-scan delay of 230 ms. Also
shown are experimental values obtained for three protein samples (see the main text for details ; Ubi : ubiqutin). The bars indicate the ranges that were mea-
sured for 1H T1 and SNt values. For comparison, SNtSS/SNtC is also plotted (dashed line) for Dz/l = 1/4 to illustrate the loss of sensitivity resulting from hardware
limitations of our spectrometer (Figure 3), specifically the fact that the top 4 mm of the sample could not be used for SS NMR (see the main text). SN values
were calculated by dividing signal intensities by 2.5 times the standard deviation of the noise as measured in noise regions of the 2D spectra.
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strate the feasibility of rapid data acquisition (S/N>
10 for all peaks). Likewise, high-quality SS HMQC
spectra (Figure 7) were obtained and 96–100 % of the
peaks detected in conventional HMQC spectra (Fig-
ure S4) were registered.

3. Conclusions

The developments described here make SS HMQC
a valuable addition to the portfolio of experiments
for obtaining 2D NMR spectral information rapidly.
Importantly, time-staggered acquisition enables one
to employ long relaxation delays at high repetition
rates. This acquisition scheme promises to be particu-
larly valuable for systems with long T1 relaxation
times and/or for NMR experiments for which short re-
laxation delays can impede data analysis. For exam-
ple, cross peaks in 1H–1H NOESY depend on the
steady-state magnetization of dipolar-coupled pro-
tons (so that upper distance limit constraints derived
from spectra recorded with short relaxation delay
are inaccurate). Notably, band-selective optimized-
flip-angle short-transient (SOFAST) 15N–1H HMQC[4f]

relies on l-optimization[9] to accelerate sampling
speed.[2a, 6b, 16] Hence, in contrast to the SS HMQC ex-
periments presented here, SOFAST HMQC 1) does not

Figure 6. Average S/N ratios measured for signals in spectra recorded for ubiquitin were
normalized by dividing them with the S/N ratio observed at long delays between the
acquisition of FIDs (“inter-scan delays”) and then plotted versus the inter-scan delay.
C: conventional HMQC. A) Methyl signals. B) Polypeptide backbone amide signals.

Figure 7. Rapidly acquired SS HMQC spectra (for acquisition parameters, see Table S1). A) SS CT-HMQC spectra collected over 66 s for ubiquitin, 45 s for
GmR137 and 90 s for MBP (boxed spectral regions contain folded peaks). B) Spectral regions containing polypeptide backbone NH signals of sim-HMQC
spectra acquired over 90 s for ubiquitin and 120 s for GmR137.
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use long relaxation delays between scans, 2) cannot be consid-
ered for simultaneous 13Cmethyl/15N–1H HMQC data acquisition,
and 3) is of limited use for deuterated proteins. Moreover, SS
simultaneous 13Caromatic/15N–1H HMQC could be readily imple-
mented for the study of aromatic rings, as a valuable probe of
protein structure and dynamics.[29] We thus expect that SS and
SOFAST HMQC will be complementary techniques for use in
future biomolecular studies.

Importantly, SS NMR can be readily combined with other ap-
proaches for rapid data acquisition such as SC NMR,[11] Hada-
mard NMR,[10] as well as non-uniform time domain sampling
schemes[8] including GFT NMR.[6] In particular, SC NMR could be
used to implement a minimal two-step phase cycle for axial
peak suppression and combined with SS NMR for quadrature
detection, potentially in clean absorption mode to remove re-
sidual phase errors.[30] Similarly, SS NMR might be a viable
option for recording spectra more rapidly to obtain relative
concentrations of compounds, for example, when measuring
kinetic isotope effects,[31] which depends on exciting largely re-
laxed spin systems. Finally, it is conceivable to develop multi-
element receiver coils that might render SS NMR intrinsically
more sensitive than conventional HMQC (noise arising from
non-excited slices could be excluded during signal detection),
and also to extend the SS NMR approach to volume-selective
excitation using triple-axis gradient probes.
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