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Abstract

Spatially selective heteronuclear multiple-quantum coherence (SS HMQC) NMR spectroscopy
was devised for solution studies of proteins. Due to ‘time-staggered’ acquisition of free induction
decays (FIDs) in different slices, SS HMQC allows one to employ long delays for longitudinal
nuclear spin relaxation at high repetition rates for the acquisition of the FIDs. To also achieve high
intrinsic sensitivity, SS HMQC was implemented by combing a single spatially selective 1H
excitation pulse with non-selective 1H 180° pulses. High-quality spectra could be obtained within
66 seconds for a 7.6 kDa uniformly 13C,15N-labeled protein, and within 45 and 90 seconds for,
respectively, two uniformly 2H,13C 15N-labeled but isoleucine, leucine and valine methyl group
protonated proteins with molecular weights of 7.5 and 43 kDa.
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Introduction

The ever increasing sensitivity of NMR spectrometersl!] has fostered the development of a
large number of fast approaches to acquire multi-dimensional NMR spectral?l. In turn, this
enables researchers to obtain the desired information rapidly: (i) NMR-based structural and
dynamic atomic resolution studies can be pursued with reduced demand of spectrometer
timel3 and (ii) time-resolved studies can be designed with higher time resolution, that is,
faster processes become amenable to ‘real time” observation by NMRI[4].

Three and higher-dimensional spectra can be acquired rapidly by jointly sampling several
(i.e., at least two) indirect evolution periods using (i) reduced-dimensionality® (RD) or (ii)
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G-matrix FT (GFT) projection NMRI] along with its derivatives projection reconstruction’
and ‘automated projection NMR Spectroscopy’[7]. Other approaches can be employed even
for the single indirect dimension in two-dimensional (2D) NMR spectroscopy. Those
include (i) non-uniform or severely truncated time domain sampling combined with non-FT
based spectral processing[8] (maximum entropy, MDD, compressed sensing, co-variance
processing), (ii) longitudinal relaxation (L-) optimization[®! allowing for a significant
reduction of the relaxation delay between scans, (iii) Hadamard spectroscopy1% relying on
the use of arrays of selective radio-frequency (r.f.) pulses employed with relative signs as
encoded in Hadamard matrices, and (iv) ultrafast NMRI4P], where chemical shift evolution
in the indirect dimension is spatially encoded such that frequency domain signals can be
obtained by applying a ‘read-out’ pulsed field gradient (PFG) during signal detection in the
direct dimension.

The development of Ultrafast NMR, which relies on spatiotemporal encoding of the
evolution of indirect chemical shifts followed by their repetitive decoding / re-encoding
during the signal detection in the direct dimension, allows recording of multi-dimensional
spectra in a single scan. In turn, Ultrafast NMR stimulated the implementation of a variety
of other experiments taking advantage of the fact that r.f pulses become spatially selective
when applied concomitantly with PFGs of suitable strength. The major challenge associated
with ultrafast NMR arises from the necessity to apply ‘read out PFGs’ during signal
detection: those greatly reduce intrinsic sensitivity and may also impact line-shapes.

Hence, NMR experiments were developed which avoid read-out PFGs while taking
advantage of spatially selective excitation. First, it is possible to design r.f. pulse phase cycle
such that the receiver phase is the same for all steps of a phase cycle. All steps of the phase
cycles 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 cycling scheme; read-out PFGs are not required. This approach
has been named simultaneously cycled (SC) NMR spectroscopy!t]. Second, the signal
arising from different slices can be detected separately by ‘time-staggered’ excitation
(Figure 1), that is, only fractions of the sample volume are used to acquire the FIDs for
obtaining a multi-dimensional experiment!?2], or to measure accurately nuclear spin
relaxation times[13] or molecular translational diffusion[4]. For the design of new
experiments, it is important to note that (i) the intrinsic sensitivity of a spatially selective
(SS) NMR experiment is significantly reduced by each additional SS r.f. pulse and that (ii)
SS 180° 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
desirable to implement a given experiment with the least possible number of such pulses,
ideally with a single spatially selective r.f. pulse for excitation.

Furthermore, longitudinal spin relaxation between scans greatly impacts the intrinsic
sensitivity of an NMR experiment: sensitivity per unit time is maximal when the total time
for longitudinal relaxation between scans is about 1.25 T; (where T; represents, as usual, the
corresponding 1H relaxation time). Therefore, L-optimization[2a 0. 9. 16] nossibly combined
with applying an excitation pulse at the ‘Ernst angle’[4". 171 s advantageous whenever rapid
sampling is accomplished by shortening the relaxation delay between scans. Furthermore,
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quantitative analysis of NMR spectra when, for example, measuring relative concentrations
or deriving distance 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 to sample
FIDs rapidly while using sufficiently long relaxation delay between scans. This becomes
particularly important whenever L-optimization is not feasible, e.g., in deuterated
systems!8] or when protein spectra are acquired in D,O: in both cases *H-1H dipolar
interactions promoting longitudinal relaxation are removed which results in longer 1H T;-
relaxation times.

2D polypeptide 15N,1H and methy! group 13cmethyl Iqmethyl chemical shift correlation
experiments are widely used to study a protein’s polypeptide backbone and molecular core,
respectively. Heteronuclear multiple-quantum coherence (HMQC) NMRU! spectroscopy
relies on only two 1H r.f. pulses and thus offers itself for implementation of SS versions.
Here we present HMQC experiments implemented by combining a single SS 90° 1H pulse
with two non-selective 1H 180° pulses such that 1H magnetization outside of the selectively
excited slice is returned to the z-axis before signal detection. Specifically, we implemented
(i) simultaneous(20] 2D [13cmethyl/I5N 1H] HMQC (referred to as sim-HMQC in this paper)
and (i) constant time (ct) [21] 2D [13cmethyl 1H] HMQC (ct-HMQC). Applications of sim-
HMQC are presented for U-[13C,1°N]-labeled 7.6 kDa protein ubiquitin as well as for U-
[2H,13C,15N]-labeled, but isoleucine, leucine, valine (ILV) methyl protonated(22] 7.5 kDa
Northeast Structural Genomics Consortium (NESG; http://www.nesg.org) target GmR137.
The application of ct-HMQC is demonstrated for U-[2H,13C,15N]-labeled, ILV methyl
protonated 43.4 kDa maltose-binding protein (MBP) because methyl HMQC for large
proteins benefits greatly from a “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: (a) [U-13C,15N]-labeled 7.6 kDa protein
ubiquitin (3.7 mM in 90%/10% H,0/D5,0 containing 50 mM sodium phosphate buffer at pH
6.0 and 0.02% NaN3), (b) [U-2H,13C,15N]-labeled, ILV methyl protonated 7.5 kDa NESG
target GmR137 (0.7 mM in 90%/10% H,0/D,0 containing 20 mM 2-(N-
morpholino)ethanesulfonic acid (MES) at pH 6.5, 0.02% NaN3, 10 mM DTT, 5 mM CacCl,,
200 mM NacCl), and (c) [U-2H,13C,15N]-labeled, ILV methyl protonated 43.4 kDa maltose-
binding protein complexed to f-cyclodextrin[24] (MBP; 1 mM in the same buffer as sample
b).

NMR data acquisition and analysis

NMR experiments were performed at 25 °C for ubiquitin and at 20 °C for GmR137 and
MBP using a Varian INOVA 750 MHz spectrometer equipped with a

cryogenic YH[13C,15N] probe (Table S1). The maximal available z-axis PFG amplitude was
G, = 52 G/cm. NMR data were processed using the software NMRPipel2®] and analyzed
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using the program SPARKY (T. D. Goddard and D. G. Kneller, SPARKY 3, University of
California, San Francisco). Polypeptide backbone amide and methyl 1H T, relaxation times
were determined by fitting a mono-exponential function of the S/N as a function of the
relaxation delays (300, 400, 500, 600, 700, 900, 1100, 1300, 1600, 2100, 4100 and 5100 ms)
employed for a series of HSQC spectra.

Spatially selective (SS) HMQC

To enhance intrinsic sensitivity, simultaneous 2D [13CMethyl/15N, 1H] HMQC (“sim-
HMQC’; Figure 2a) and ct [13cMethyl 1H] HMQC (‘ct-HQMC?; Figure 2b) were
implemented by combining a single spatially selective 90° 1H pulse (Figure 3) with two
non-selective 180° 1H-pulses such that 1H-magnetization outside of the selectively excited
slice is returned to the z-axis in the middle of the indirect chemical shift evolution (Figure
4). This allows one to avoid an SS 180° 1H pulse that would result in a significant loss of
sensitivity resulting from the application PFGs in the presence of transverse magnetization.
Moreover, since two-spin coherence is generated in HMQC starting from 1H steady-state
magnetization, all 15N/3C pulses can likewise be non-selective.

Spatially (i.e., slice) selective excitation was accomplished using an r.f. pulse with the shape
of the three central lobes of a sinc function as was described[*!]. Briefly, the time-bandwidth
product(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 G, = 27 G/cm of the magnetic z-field gradient (about
one half of the maximally possible amplitude of the gradient amplifier used for the present
study) which is applied simultaneously with the r.f. pulse and the gyromagnetic ratio of
protons yy = 4.258 kHz/G™1, a given slice thickness Az requires that the r.f. pulse excites a
width of bw = Az G, yy. For the probe used in this study, the length of the sample volume
located within the r.f. coil is 16 mm along the z-axis. However, recording of SS 1D 1H
spectra revealed 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 Az =
3.0 mm for implementing SS HMQC as shown in Figure 3B (thereby excluding the upper
~4 mm). With Az = 3.0 mm, one obtains bw = 33.3 kHz (which also equal to the shift of the
carrier position to switch from one slice to a neighboring one) and pw = 180 ps is required
for the selective excitation. To compensate for chemical shift evolution during the
application of the selective pulse, a ‘re-phasing’” PFGI!] was applied, with half of the
duration of the selective pulse, right after the r.f. pulse (Figure 3A). The amplitude of this
gradient was tuned experimentally by maximizing the signal intensities observed in SS

1D 1H NMR spectra.

Intrinsic sensitivity of SS versus conventional HMQC

The signal intensity Sdetected for a slice is proportional to its thickness Az while the noise N
remains the same: signal detection is accomplished with an r.f. coil extending over the entire
volume within a detection coil of length | in z-direction. Importantly, however, if n slices are
used for SS HMQC, n FIDs can be acquired within the same time required for a single FID
of conventional HMQC while preserving the relaxation delay of the conventional

Supporting information for this article is available on the WWW under http://www.chemphyschem.org or from the author.
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experiment. Dividing the SN by the square root of the measurement time yields SN\, a
measure for ‘intrinsic sensitivity’. If ntsg and ntc FIDs are acquired during the same time for
SS and conventional HMQC, respectively, SNtsg/ SNt scales according to

SNt Az ntgg
svt, N7 )\, @

C

Hence, if ntsg = n*ntc (i.e. SS and conventional HMQC are acquired with the same total
measurement time) and the n slices cover the entire volume within the detection coil (i.e. n =
| / AZ), Ntsgis lowered by 1/Vn when compared with SNtc. A further sensitivity loss results
from the reduced efficiency of SS excitation when compared to excitation with a non-
selective (high power) pulse, &, which is ~0.80 for the selective pulse used for the present
implementationX] (Figure 3).

Moreover, T;-relaxation needs to be considered. In particular, such relaxation occurs in SS
HMQC between the two non-selective 180° 1H pulses (Figure 4) outside of the excited slice,
which leads to some additional reduction of the detected signal intensity: *H 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 t; and thus
leads, even for a comparably short 1H Ty of 500 ms, to a very small signal broadening (<
~1Hz; Figure S2) along the indirect dimension (see Supplementary Material). With my =

M k / Mz®% being the magnetization along the z-axis at time point k divided by its
equilibrium value and considering mono-exponential T;-relaxation during a delay t between
time points k and k+1 (during which no r.f. pulses are applied) one has

T

mg1=1+(my — 1)exp (— ?1) 0)

A formula was thus derived (Supplementary Material) for the ratio p of the 1H steady-state
magnetizations present before the first 90° 1H pulse in a given slice of SS and in
conventional HMQC experiments. Using Equation (2), the steady state magnetizations meg
and mc present in, respectively, a given slice in SS HMQC acquired with four slices and in
conventional HMQC are (see Supplementary Material)

mge=1+2 Y B4 - 4') - A'B
i=0,1,2,3

©)

m.,=1—-2B+AB ()

with

A=exp <—%> and B=exp <—;—2)
1 1
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where 17 and T, (e.g. 4.54 and 233.54 ms for both SS and conventional HMQC at t; = 0 ms
in the present study) are, respectively, the delays before and after the application of the 1H
180° refocusing pulses (during which relaxation is neglected). Dividing Equation (3) by
Equation (4) yields the desired ratio p

P=—""— (5

After multiplication of p with & and (Az/1)*(ntss/ntc)2 in Equation (1), the ratio of the
corresponding SN\, values is obtained as:

SNt A t
SSs =p X £ X _Z b (6)
SNt,, ! nt,,

Figure 5 provides a plot of SNt SNtc versus IH Ty for Az/I = 3/16 (solid line; for present
study, see Figure 3) ; and for Az/l =1/4 (dashed line; if the whole sample volume within the
r.f. coil can be used for SS NMR), € = 0.80, and t; = 0 ms and ntgs = 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 Ty the ratio increases largely with T, (which reflects the four times longer effective
inter-scan delays, d1 + tp max, in SS HMQC), and (ii) that for T 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 Az/l = 3/16 and Az/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
non-selective 180° 1H pulse is applied for the refocusing of transverse IH magnetization
during the indirect evolution period (Figure 2) along with likewise non-selective
heteronuclear 90° pulses (Figure 2). As a result, protein molecules diffusing outside of the
excited slice, while remaining within the receiver coil during the time elapsed between slice
selective excitation and signal detection, still contributes to the signal (which is detected
over the entire sample volume). Furthermore, the diffusion coefficient even for the small 7.6
kDa protein ubiquitin (1.3 1074 mm?/s at 25 °C) results in a root mean squared displacement
of only ~16 pum (\/ﬁ) when the delays between excitation and signal detection are shorter
than 1 s. Hence, translational diffusion does not result in any noticeable losses of sensitivity
in SS HMQC experiments.

Results and Discussion

First, SS HMQC experiments were implemented and optimized using the sample containing
3.7 mM of 7.6 kDa protein ubiquitin. In order to demonstrate the impact of time-staggered
data acquisition (Figure 1), the average S/N was measured as a function of the inter-scan
delay and then compared with conventional HMQC acquired with the same sampling speed.
S/N ratios were normalized relative to the values observed for (nearly) fully relaxed *H

Chemphyschem. Author manuscript; available in PMC 2015 June 23.
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spins at very long relaxation delays (Figure 6). Since the relaxation delay between two FIDs
recorded from each of the four slices in SS HMQC is four times longer than the delay
between two consecutive FIDs recoded in conventional HMQC (Figure 1), the S/N ratios
increase, as expected, about four times faster for SS HMQC (Figure 6).

Second, SS HMQC spectra were acquired with, respectively, 150 and 100 ms relaxation
delays d1 between scans for sim and ct-HMQC for the three proteins with varying molecular
weight and quite different 1H T; relaxation times (Table S1), that is, U-[*3C,1°N]-labeled
protein 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 (between 6 and 24
minutes; Table S1) to ensure that S/N > ~30 for all peaks in order to compare accurately the
intrinsic sensitivity of SS and conventional HMQC. SNtsg/SNtc was measured for well-
resolved peaks and the resulting averages and ranges are shown along with the
corresponding averages and ranges of 1H T;-relaxation times (Table S1) also in Figure 5.
The close agreement with predictions based on Equation (6) neatly validates the expected
performance of the current implementation of SS HMQC (Figure 2). A second set of spectra
was acquired with short measurement times between 45 and 120 seconds in order to
demonstrate the feasibility of rapid data acquisition (S/N > 10 for all peaks). Likewise, high-
quality SS HMQC spectra (Figure 7) were obtained and between 96% and 100% of the
peaks detected in conventional HMQC spectra (Figure S4) were registered.

Conclusion

Newly developed SS HMQC represents a valuable addition to the portfolio of experiments
for obtaining 2D NMR spectral information rapidly. Importantly, the time-staggered
acquisition enables one to employ long relaxation delays at high repetition rates. This
acquisition scheme promises to be particularly valuable for systems with long T; relaxation
times and/or for NMR experiments for which short relaxation delays can impede data
analysis. For example, cross peaks in 1H-IH NOESY depend on the steady-state
magnetization of dipolarly coupled protons (so that upper distance limit constraints derived
from spectra recorded with short relaxation delay are inaccurate). Notably, SOFAST 2D
[*°N,1H] HMQCI* relies on L-optimization®], i.e. the flip-back of aliphatic *H
magnetization to accelerate sampling speed[22.60.16] Hence, in contrast to the SS HMQC
experiments presented here, SOFAST HMQC (i) does not aim at employing long relaxation
delays between scans, (ii) cannot be considered for simultaneous 2D [13CMethyl/15N 1H]
HMQC data acquisition. and (iii) is of limited use for deuterated proteins. Moreover, SS
simultaneous 2D [13car'matic/15N 1H] HMQC could be readily implemented to study
aromatic rings, which are valuable probes of protein structure and dynamics[29l. We thus
expect that SS and SOFAST HMQC will be highly complementary for future bio-molecular
studies.

Importantly, SS NMR can be readily combined with other approaches for rapid data
acquisition such as SC NMR[1], Hadamard NMRI2% as well as non-uniform time domain
sampling schemes!8l including GFT NMRIS. In particular, SC NMR could be used to
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implement a minimal 2-step phase cycle for axial peak suppression and combined with SS
NMR for quadrature detection, potentially in clean absorption mode to remove residual
phase errorsl39]. Similarly, SS NMR may be a viable option to more rapidly record spectra
to obtain relative concentrations of compounds, e.g. when measuring kinetic isotope
effectsl31], which depends on exciting largely relaxed spin systems. Finally, it is conceivable
(i) to develop multi-element receiver coils that may render SS NMR intrinsically more
sensitive than conventional HMQC (with such coils noise arising from non-excited slices
could be excluded during signal detection), and (ii) to extend the SS NMR approach to
volume selective excitation using triple axis gradient probes.
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d1

4*(d1+t_ )

Figure 1.
Comparison of conventional with time-staggered data acquisition relying on spatial

excitation. (A) Conventional data acquisition: the entire sample volume within the r.f.
detection coil is utilized to record FIDs with a relaxation delay between scans denoted as d1.
The excited region of the sample is depicted in black to indicate that a sizable steady state
magnetization is present before excitation and the white dashed rectangle indicates the
region for which the signal is detected. The FID is represented by a triangle and [N,P] within
the triangle indicates the indirect dimension’s real data point N and its corresponding phase
cycling step P. As an example, complex data acquisition (N = 1,2) is combined with a two
step phase cycle (P = 1,2) cycle for axial peak suppression[!®], (B) Time-staggered data
acquisition relying on spatial excitation of one slice of the entire volume at a time
(highlighted with a white dashed rectangle). Considering tgp as the time required to detect
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an FID and d1’ as the relaxation delay between scans, the same steady state magnetization is
present as in (A) if d1 + tgp = 4*(d1’ + tgp). The transitions from pale grey to grey, then to
dark grey 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 employed.
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Figure 2.
SS HMQC r.f. pulse schemes implemented for n = 4 slices. Rectangular 90° and 180° pulses

are indicated by thin and thick vertical bars, respectively, and the phase ® of the excitation
pulses are indicated. When no r.f. phase in marked, the pulse is applied along x. High-power
90° pulse lengths are: 8.5 ps for 1H, 15.5 ps for 13C and 39.0 ps for 1°N. The length of the 3-
lobed sinc pulse for spatially selective excitation is 180 ps and the concomitantly applied
spatially selective PFG Gg has an amplitude of 27 G/cm. The re-phasing PFG Gg has an
amplitude of 31 G/cm and a duration of 90 ps. GARPI26] s used for decoupling of 13C (r.f.
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field strength = 2.0 kHz) and 15N (r.f. field strength = 1.5 kHz) during acquisition of the
FIDs. The 1H, 13C and 13N carrier positions are set to 4.78, 20.0 and 118.0 ppm,
respectively. Sampling in t;(13C/1°N) starts at half of the increment to ensure a 180° first-
order phase correction. The duration and strengths of the rectangular PFGs are Gg (0.5 ms,
3.2 G/cm); G1 (0.5 ms, 6.3 G/cm). Phase cycling: ®=x,—X; ®c=x,—x for axial peak
suppression, and quadrature detection in t; is accomplished by altering the phases ® and
Prec according to States-TPPI27]. (A) Pulse scheme of SS simultaneous 2D

[L3cmethyl/15N 1H] HMQC. The delay d2 is set to a compromise values of 4.54 ms
considering that 1Jcy ~125 Hz and 1Jyn ~90 Hz. Due to simultaneous decoupling of 15N
and 13C, the maximally feasible duty cycle of the experimental set-up was reached at a
minimal relaxation delay between scans of d1 = ~150 ms when tp 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 2D [13cmethyl 1H] HMQC with d2 = 1/(2 Jcn) = 4.0 ms and the ct delay d3
= 28.0 msl15]. The maximally feasible duty cycle was reached at d1 = ~100 ms when t2 max
~ 80 ms (resulting in an effective delay of ~720 ms between the acquisition of FIDs for each
of the four slices)
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3.0 mm

Implementation of SS excitation for HMQC with n = 4 slices (Figure 2) on a Varian INOVA
750 spectrometer equipped with a cryogenic TH{13C,15N) probe. (A) 3-lobe sinc pulse of
180 ps duration applied along with a slice selection gradient Gg (27 G/cm) to excite a slice
of 3.0 mm which is followed by a re-phasing gradient Gg (=31 G/cm) 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 to iv are depicted along 12 mm of the sample volume within the

receiver coil in order to exemplify the required change of the offset, Atof, from the 1H
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carrier frequency chosen for slice ii when exciting slice i. (C) Spatial excitation profiles (on
the right) for the slices (on the 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), and
subsequent FT. Inspection of spatially selective 1D *H NMR spectra revealed that the top ~4
mm section (hatched) could not be used for SS NMR (see text). Hence, four slices of 3.0
mm each were chosen as depicted (see text) while the top 4 mm of the sample volume
within the r.f. coil could not be used.
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Figure4.
Conceptual comparison of two conceivable implementations of SS HMQC with n = 4 slices.

(A) Hypothetical implementation in which both the 90° excitation pulse and the 180° pulse
for refocusing 1H chemical shift evolution are spatially selective (shown on the left). As a
result, the steady state magnetization of only one selected slice is converted into transverse
magnetization (as shown on the right). Large sensitivity losses are resulting from the second
spatially selective pulse. (B) Implementation chosen for the present implementation in
which a non-selective 180° pulse is applied first in order to invert the longitudinal
magnetization of the entire sample (depicted in grey on the right), followed by a selective
90° pulse to excite a selected slice and then a non-selective 180° pulse for refocusing 1H
chemical shift evolution which also returns longitudinal magnetization of the slices which
were not excited.
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Figureb5.
The ratio of the intrinsic sensitivities of SS HMQC with n = 4 slices, S\tgg, and

conventional HMQC, SNtc, calculated according to Equation (6) is plotted (solid line)
versus IH T relaxation times for identical sampling speed (ntss = ntc) at t; = 0 ms, and with
AZ/l = 3/16 and an inter-scan delay of 230 ms. Also shown are experimental values obtained
for various protein samples (see text; ‘Ubi’ represents ubiqutin). The bars indicate the ranges
that were measured for 1H T; and SNt values. For comparison, SNtgs/SNtc is also plotted
(dashed line) for AzZ/l = 1/4 to illustrate the loss of sensitivity resulting from hardware
limitations of our spectrometer (Figure 3), that is, the fact that the top 4 mm of the sample
could not be used for SS NMR (see text). SN values were measured 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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Figure®6.
Average S/N ratios measured for signals in spectra recorded for protein ubiquitin were

normalized by dividing them with the S/N ratio observed at very long delays between the
acquisition of FIDs (‘inter-scan delays’) and then plotted versusthe inter-scan delay. Data
points for SS and conventional HMQC are represented, respectively, by grey and black
symbols as shown in the lower right (‘SS” and ‘C’ denote SS and conventional HMQC) and
connected by lines. (A) Methyl signals. (B) Polypeptide backbone amide signals.
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Figure?7.

Rapidly acquired SS HMQC spectra (for acquisition parameters, see Table S1). (A) SS ct-
HMQC spectra collected in 66 s for 7.6 kDa protein ubiquitin, in 45 s for 7.5 kDa GmR137
and 90 s for 43 kDa MBP (boxed spectral regions contain folded peaks). (B) Spectral
regions containing polypeptide backbone NH signals of sim-HMQC spectra acquired in 90 s
for ubiquitin and 120 s for GmR137.
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