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Abstract

The combination of a phase-modulated (PM) saturation pulse and symmetry-based dipolar recoupling
into a rotational-echo saturation-pulse double-resonance (RESPDOR) sequence has been employed to
measure *H-1N distances. Such a measurement is challenging owing to the quadrupolar interaction of 1*N
nucleus and the intense *H-'H homonuclear dipolar interactions. Thanks to the recent advances in probe
technology, the homonuclear dipolar interaction can be sufficiently suppressed at a fast MAS frequency
(vs 2 60 kHz). PM pulse is robust to large variations of parameters on quadrupolar spins, but it has not
been demonstrated under very fast MAS conditions. On the other hand, the RESPDOR sequence is
applicable to such condition when it employs symmetry-based pulses during the recoupling period, but a
prior knowledge on the system is required. In this article, we demonstrated the PM-RESPDOR combination
for providing accurate *H-2*N distances at a very fast MAS frequency of 70 kHz on two samples, namely L-
tyrosine-HCl and N-acetyl-L-alanine. This sequence, supported by simulations and experiments, has shown
its feasibility at vk = 70 kHz as well as the robustness to the *N quadrupolar interaction. It is applicable to
a wide range of *H-“N dipolar coupling constants when a radio frequency field on the N channel is
approximately 80 kHz or more, while the PM pulse length lasts 10 rotor periods. For the first time, multiple
'H-N heteronuclear dipolar couplings, thus multiple quantitative distances, are simultaneously and
reliably extracted by fitting the experimental fraction curves with the analytical expression. The size of the
'H-14N dipolar interaction is solely used as a fitting parameter. These determined distances are in excellent

agreement with those derived from diffraction techniques.
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l. Introduction

The accurate measurement of H-N distances is of importance in chemistry, biology, and pharmacy. Such
distances can be used as structural restraints for three-dimensional structural refinements of peptides
and proteins [1,2], or they can be served for unambiguous distinction of cocrystals/salts drugs [3], to name
a few. Traditionally, X-ray and neutron diffraction techniques have been preferred for extracting those
distances; however, while X-ray analysis has the difficulty in precise determination of H positions, the
neutron-based method requires large scale facilities and sufficiently large crystals and/or deuteration,
which are difficult to achieve for many samples. Solid-state nuclear magnetic resonance (ssNMR) has long
been utilized as the complementary method for structure refinement since it (i) enables the
measurements with no restriction of sample morphologies (microcrystalline, disordered or amorphous
states), and (ii) directly provides distances between two atoms via their dipolar coupling, which is inversely
proportional to the cube of the internuclear distance. The capability and versatility of ssSNMR in extracting
structural information is greatly enhanced by the combination of magic-angle spinning (MAS) [4] and
recoupling sequences [5,6]. Under the MAS condition, high-resolution spectra are achieved due to the
suppression of anisotropic interactions such as homo-/heteronuclear dipolar coupling and chemical shift
anisotropy (CSA), leading to the loss of structural information. To avoid such losses, the suppressed
anisotropic interactions can be selectively recovered by recoupling sequences. It is worth noting that for
accurate quantification of *H-N dipolar interactions, the *H-N recoupling technique is also required to
suppress the intense H-'H homonuclear dipolar couplings. A number of methods have been developed
to meet this additional requirement [7-12], among which R-symmetry approach is the most promising
owing to the ease in designing sequences at various experimental conditions [13-17]. For example,
Polenova and coworkers have introduced the phase-alternating R-type symmetry (PARS) sequence to
yield *H-13C and H-°N distances for a variety of samples, even fully protonated systems at moderate and
fast MAS frequencies (up to 40 kHz) [16]. However, the disadvantages of this sequence are the
requirement of high radio frequency (rf) on the 'H channel (at least 2.5 times larger than the MAS
frequency) as well as its sensitivity to rf imperfections and/or inhomogeneity. Its later development, the
windowed PARS sequence, has overcome the sensitivity issue, but even higher rf-field is required [17].
Contemporary advances in fast MAS probe technology have opened possibilities for new
experimental designs. Under very fast MAS frequency, the *H-'H homonuclear dipolar interactions are
sufficiently suppressed, simplifying the use of H-N recoupling sequences. Moreover, thanks to such
suppression, highly resolved proton spectra can be achieved, allowing proton detection, thus providing

significant enhancement in sensitivity. Several cross-polarization (CP)-based experiments and their



proton-detected versions have been proposed at very fast MAS frequency (vk 2 60 kHz) for a simple and
accurate determination of H->N dipolar couplings [18,19]. Nevertheless, a major drawback of these
methods is the low natural abundance of the °N isotope (0.4 %). Even with proton-detected versions,
sufficient signal intensity is only achieved by either isotopic labeling or long experimental time. On the
other hand, the *N isotope benefits from a much higher natural abundance (99.6 %); however, it is an
integer quadrupolar nucleus (spin number | = 1), thus N excitation schemes suffer from the large
quadrupolar interactions and the lack of a central transition. Another difficulty with the ¥*N nucleus is that
while the applied rf field (v1(**N)) is in the range of tens of kHz due to its low Larmor frequency, the N
quadrupolar coupling constant (Cq) is commonly in the range of MHz. These issues make *H-*N distance
measurement challenging. Although the !H-*N distance measurements was reported, such
measurements required the prior knowledge on the *N quadrupolar interactions, the principal axes of
18N electric field gradient tensors, the scaling factor of the multiple pulse scheme [20].

In this article, we demonstrate 'H-*N distance measurements by using the rotational-echo
saturation-pulse double-resonance (RESPDOR) technique. This sequence has been selected because (i) it
is compatible with a high MAS frequency, which is mandatory for *H-detected experiments, (ii) it only
requires moderate rf field strength on N for efficient saturation of quadrupolar nuclei, and (iii) its fraction
curve can be represented by an analytical curve in case of ideal saturation. The RESPDOR sequence was
firstly introduced by Gan for 3C-1*N distance measurements [21]. For this initial version, the recoupling of
spatially close 3C-*N pairs was done by applying two rotary recoupling resonance (R%) sequence blocks
separated by a long continuous-wave pulse applied to the N channel [22]. Later R® was replaced by the
SR4?; sequence [23]. The incorporation of SR4?; into RESPDOR (S-RESPDOR) has extended the applications
to various systems [24-27]. This is because SR4?%; is more robust with respect to CSA and rf inhomogeneity
than R3, and more importantly it allows the measurements of multiple distances due to the avoidance of
dipolar truncation effects. However, the efficiency of RESPDOR still largely depends on Cq and v; since the
extents of saturation of crystallites are different from each other. Such orientation-dependence effect
requires the scaling of RESPDOR fraction curves in addition to the dipolar coupling adjustments in the
fitting procedure, introducing ambiguity of distance measurements by S-RESPDOR. For extending the
applicability of S-RESPDOR, a saturating pulse on the quadrupolar channel that weakly depends on the
nature of a 'H-1N system is highly desired. Goldbourt and coworkers have introduced an elegant phase-
modulated (PM) scheme into the original rotational-echo double-resonance (REDOR) sequence [28],
allowing a uniform saturation for the entire powder crystallites even in the presence of large quadrupolar

interactions using a moderate rf-field strength [29-32]. The PM pulse is also robust with respect to offset,



and rf inhomogeneity [29,30]. These advances, of combining REDOR and the PM scheme (i.e. PM-
RESPDOR), lead to a simple fitting procedure at moderate MAS frequencies, where only a single parameter,
— the dipolar coupling, is adjusted for matching the theoretical/simulated fraction curves with the
experimental ones. However, a PM-S-RESPDOR sequence, which combines the SR4%; symmetry-based
recoupling element with the PM pulse has not yet been demonstrated, and has not been performed under
fast MAS condition, which is the main aim of our present work. Herein, we demonstrate for the first time
the H-*N distance measurements using PM-S-RESPDOR under vk = 70 kHz. Firstly, by simulations, we
examine the feasibility of PM-RESPDOR at a very fast MAS condition, and then investigate the effect of
quadrupolar coupling and heteronuclear dipolar interaction on the fraction curves. Finally, the
performance of this sequence is tested on the two model samples L-tyrosine-HCl and N-acetyl-L-alanine,
and the distances obtained by fitting with the analytical expression are compared with those derived from

diffraction techniques.

Il. Pulse sequences

Fig. 1a shows the dipolar-heteronuclear multiple quantum coherence (D-HMQC) sequence for a two-
dimensional (2D) *H-%*N correlation experiment [33-36]. Fig. 1b shows the PM-S-RESPDOR sequence for
'H-14N distance measurements. The designs of the two sequences are similar except for the use of a single
PM pulse for saturation in PM-S-RESPDOR instead of a pair of pulses for single-quantum (SQ) excitation
and reconversion during t; period in D-HMQC. The PM pulse, lasting for N.tg, is composed by the
combination of A-B-A-C-B-A-C-A blocks. Block A consists of 1 (one) pulse, lasting for 0.075*N.tz and a
phase of ¢, = 225. Block B consists of 16 (sixteen) pulses. Each lasts for 0.0109375*N.tg with a phase of
@116 = {80.5, 2.2, 245.0, 92.5, 275.7, 98.5, 330.3, 348.1, 126.3, 265.2, 349.3, 23.9, 24.1, 23.8, 92.4, 6.7}.
Block C consists of 16 (sixteen) pulses. Each lasts for 0.0109375*N.tz with a phase of ¢-1.16 = {319.6, 75.6,
242.7, 95.8, 340.9, 226.5, 48.0, 38.1, 5.3, 44.4, 145.8, 303.2, 139.7, 336.7, 95.6, 341.3}. The SR4%;
recoupling sequence was used to reintroduce the *H-*N dipolar couplings. Since itis non-y-encoded [37],

the interval between the two SR4%; blocks needs to be rotor-synchronized.
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Figure 1. a) D-HMQC sequence. The 2D H-N correlation spectrum was acquired by incrementing ti. b)
PM-S-RESPDOR sequence. The fraction curve is obtained by incrementing the total mixing time (1) of the
SR4%; blocks under the absence and presence of irradiation on *N channel. The PM pulse is the
combination of A-B-A-C-B-A-C-A blocks. The pulse length of the PM pulse is N-tg, where N is an integer
and tr is the length of the rotor period. As the SR4%; recoupling sequence is non-y-encoded, the interval
between these two blocks should be kept rotor-synchronized for both D-HMQC and PM-S-RESPDOR

sequences.

Two sets of data are recorded to extract distance information using the PM-S-RESPDOR sequence. Firstly,
the experiment is run without irradiation of the PM pulse on the **N channel (vi(**N) = 0) during a delay
of N-tz. Here, the 'H-*N heteronuclear dipolar coupling and *H CSA are refocused by the it pulse on the
'H channel. It is noted that the *H-'H homonuclear dipolar coupling is averaged by the use of SR4%
sequence and MAS to the first-order. Consequently, the decaying of H signals is due to the residual H-
H dipolar interaction, pulse transients, rf inhomogeneites, and other experimental imperfections during
the fixed N-tg of the PM pulse and the total incremental SR42; recoupling periods (1), giving the signal So(t).
Secondly, the identical experiment is run with the N irradiation on PM pulse during N-tz delay. This pulse
prevents the refocusing of the 'H-*N heteronuclear dipolar coupling, while *H CSA is still refocused by the
spin-echo. Hence, the achieved H signal, (1), is not only affected by the decaying effects as in the

previous case but also modulated by the *H-*N heteronuclear dipolar coupling. In the PM-S-RESPDOR



fraction curve, the decaying effects are minimized by plotting AS/Sy = (S,(t) — S'(7))/S,(T) as a
function of mixing time, . Matching the experimental fraction curve with analytical/simulated curves
enables the extraction of the dipolar coupling between *H and *N (binaan/(21)); thus providing an

accurate H-*N distance through the following equation:

13
"H -"* N distance (A) = 120.1 Via , Eq. (1)
blH—14N/2ﬂ- (kHZ) Vim

where y, (X="H or **N) represents the gyromagnetic ratio of the X nucleus and bin.1an/(2) is in kHz.

I1l. Numerical simulations

Numerical simulations were done using the SIMPSON package [38,39] with 232 (acr, Bcr) pairs according
to the REPULSION algorithm [40] and 53 ycr angles, where the {acg, B¢k, Ycr} Euler angles relate the crystal-
fixed frame and the rotor-fixed frame. Simulations were performed on an isolated *H-'*N spin system at
Bo = 14.1 T. The isotropic and anisotropic chemical shifts of both *H and *N nuclei were disregarded. For
14N nucleus, the quadrupolar interaction was considered up to second order, and the asymmetry
parameter was set to zero. The orientations of *N quadrupolar interaction and *H-1*N dipolar interaction
were characterized by the Euler angles (Qpc) of {0°, 0°, 0°} and {10°, 20°, 30°}, respectively, where P refers
to the principal axis system. The delta function is assumed for the *H 1t pulse. Further details are given in

the figure captions.

Feasibility at very fast MAS frequency

To test the feasibility of PM-S-RESPDOR at very fast MAS frequencies (vz 2 70 kHz), we performed
simulations on a modeled H-"N spin system with |bin.1an/(21)| of 2.0 kHz under different MAS
frequencies, varying from 20 kHz to 70 kHz. For objective comparisons, the PM pulse lengths for all
simulations were set comparable to each other, ranging from 0.10 to 0.17 ms. We modeled an isolated
system where only one H spin is involved, meaning that there is no 'H-'H homonuclear dipolar
interaction; hence, simulations can be tested even under moderate MAS frequencies. The analytical curve,
representing an ideal saturation of a N nucleus, was derived from the Eq. 16 of [25] under the

assumption of complete saturation of 1*N (f = 1) and was also included for comparison:
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Under the ideal situation, the theoretical maximum of RESPDOR fraction curve is around AS/S, =
21/(2I + 1) =0.67 for spin number / = 1 as demonstrated by the analytical curve (unfilled circle) in Fig. 2.
Moreover, in Fig. 2 it is observed that simulated fraction curves are almost identical to each other and are
well reproduced by the analytical curve. These results confirm the feasibility of PM-S-RESPDOR at very
fast MAS frequency. It is important that all the curves reach to the optimum AS/S, at identical mixing time
T of ~ 1.6 ms, meaning that the RESPDOR fraction curves are still mainly governed by the first-order
averaged Hamiltonian of the *H-1%N heteronuclear dipolar interaction. One point worth mentioning in Fig.
2 is the non-zero AS/So intensities even at T= 0 ms, which can be possibly ascribed to the reintroduction
of H-*N dipolar coupling by higher-order terms during the PM pulse length. As the PM pulse is
asymmetric with respect to its center, the reintroduced 'H-*N dipolar coupling during the PM pulse
prevents the refocus of dephasing H signals by the central 'H & pulse, resulting in non-zero contribution
to AS/So at T = 0 ms. The AS/So(t = 0) value gets larger with slower MAS frequency, namely among the
simulated MAS frequencies (20-70 kHz), its intensity reaches maximum at 0.03 when MAS frequency is
the slowest, at 20 kHz, indicating such reintroduction comes from higher-order effects. In addition, the
inverse proportion of AS/So(t = 0) intensity to MAS frequency validates that the non-zero AS/S, is due to
the higher-order *H-*N contribution reintroduced by PM pulse, which can be largely suppressed under vg
> 60 kHz as shown in Fig. 2. This further necessitates the use of very fast MAS frequencies even for an
isolated H-1N spin system when the fraction curve is fitted with the analytical RESPDOR curve. In short,
the simulations not only verify the feasibility of PM-RESPDOR experiment at very fast MAS frequency but
also show the advantage of fast MAS condition in minimizing the effect of high-order *H-1N dipolar
coupling introduced by the PM pulse. Hence, all the simulations below were performed under MAS

frequency of 70 kHz.
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Figure 2. Simulated PM-S-RESPDOR fraction curves (solid lines) where AS/S, intensities were plotted as a
function of t for a powdered sample. An isolated *H-2*N spin system was used with |bin-1an/(21)| of 2.0
kHz and N Cq of 1.0 MHz. Simulations were performed at By = 14.1 T and at different MAS frequencies
ranging from 20 to 70 kHz. For objective comparisons among simulations, the PM pulse lengths were set
from 0.10 to 0.17 ms while the v1(**N) was fixed at 83 kHz. The analytical curve (unfilled circle) was plotted

with | bin1an/(211) | of 2.0 kHz for comparison. The dash line represents the AS/Sovalue of 0.67.

Effects of **N radio-frequency field

The role of PM pulse is to saturate the polarizations of different 1*N energy levels, which is crucial for the
performance of PM-S-RESPDOR. To investigate the effect of vi(}*N) on this saturation process, we
performed simulations on an isolated *H-*N spin system by varying v1(**N) from 10 to 100 kHz with steps
of 10 kHz. The ¥*N Cq was fixed at 4.0 MHz since this value is common for *N-containing organic molecules.
Fig. 3 shows these simulated fraction curves under the PM pulse length of 10tz and | bin-1an/(21) | Of either
2.0 kHz (a) or 8.0 kHz (b). At first glance, all the simulated fraction curves reach their maximum at identical
mixing time for specific *H-*N dipolar coupling, showing the main contribution of first-order biy-1an/(21)
on dephasing process. For both Fig. 3a and 3b, the simulated curves with vi(**N) of 80 kHz or larger are
the best option since its maximum is the closet to AS/So of 0.67 and it oscillates around this value. It is
noted that in Fig. 3b, the larger the v1(**N), the further the AS/So(t = 0) deviates from 0. Such phenomenon,
which was also observed in Fig. 2 at moderate and fast MAS frequency (vr < 60 kHz), can be explained due
to the reintroduction of higher-order *H-*N dipolar coupling by the PM pulse. We also tested the effect

of v1(**N) with a PM pulse length of 46tz (0.66 ms). However, such a long pulse makes the problem of non-
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ASIS,

zero AS/So(t = 0) more severe for large |binian/(21)| (see Fig. S1), definitely affecting the accuracy of
simulation fittings. This indicates that the non-zero AS/So(t = 0) is ascribed to the higher-order *H-1N
dipolar coupling reintroduced by the PM pulse. Overall, the PM pulse with vi(**N) of 80 kHz and a length
of 10t; (0.14 ms) leads to (i) an efficient saturation of 2*N nucleus with Cq of 4.0 MHz and (ii) an insignificant
effect of higher-order *H-1*N dipolar coupling by the PM pulse. Next, the robustness of the PM pulse under

these conditions with respect to different values of *N Cq will be examined.

|b11an /(27)] = 2.0 kHz b) by 1an /(271)] = 8.0 kHz RF (KH2)
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Figure 3. Simulated PM-S-RESPDOR fraction curves where AS/So intensities were plotted as a function of
7 for a powdered sample. An isolated *H-*N spin system was defined as follows: | bin.1an/(21) |was 2.0 kHz
(a) and 8.0 kHz (b) while the *N Cq value was fixed at 4.0 MHz. Simulations were performed at Bo = 14.1
T and vg = 70 kHz. The PM pulse length was 10tz (0.14 ms) while v1(**N) was varied from 10 to 100 kHz

with steps of 10 kHz. The dash line represents the AS/Sovalue of 0.67.

Robustness to **N quadrupolar interaction

For organic molecules, the N Cq can vary extensively. The strong quadrupolar interactions can
significantly reduce the extent of saturation for *N nuclei, thus reducing the RESPDOR effect. Here, we
investigate the robustness of PM pulse with vi(**N) of 83 kHz and length of 10tz (0.14 ms) with respect to
14N quadrupolar interaction by simulations on an isolated *H-1*N spin system with | biy-14n/(271) | Of 2.0 and
7.0 kHz while varying Cq from 1.0 MHz to 6.0 MHz. The analytical curve was also plotted for comparison
in the case |bin1an/(2m) | of 2.0 kHz. The results, shown in Fig. 4a and 4b for |biy.1an/(21) | of 2.0 and 7.0
kHz, respectively, reveal that all simulated fraction curves slightly deviate from each other; however, they

all reach their corresponding maximum AS/So at identical T value. This again verifies the main contribution
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of the first-order *H-*N dipolar coupling in the fraction curves. For | bin-1an/(211) | of 2.0 kHz, the simulated
curves with Cq from 1.0 to 4.0 MHz well match with the analytical curve while those with larger Cq values
slightly differ. This situation is also observed for strong |bis-1an/(21) | of 7.0 kHz, where the maxima from
the simulated fraction curves with Cq of 5.0 and 6.0 MHz are under the AS/Spvalue of 0.67. Nevertheless,
such deviations are not significant, indicating a high robustness of PM pulse with respect to N
quadrupolar interaction under MAS frequency of 70 kHz. We also performed the same simulations with
PM pulse length of 46tr, shown in Fig. S2. While Fig. S2a shows the similar picture with Fig. 4a, simulations
in Fig. S2b show poorer robustness to Cq values than those in Fig. 4b. Not only less robustness to ¥*N Cq,
an additional disadvantage of using long PM pulse length is the problem of non-zero AS/So(t = 0) due to
the reintroduction of higher-order *H-1*N dipolar coupling by the PM pulse, as mentioned in the previous
section. In Fig. 4a, AS/So(t = 0) intensities for varying Cq are almost O while in Fig. S2a, they are not and get
larger at smaller Cq values. This shows that the recoupling efficiency of higher-order H-“N dipolar
coupling is proportional to the PM pulse length but inversely proportional to Cq values. Furthermore,
comparing Fig. 4a and 4b, the non-zero AS/So(t = 0) for |bin-1an/(21)| of 7.0 kHz but not for 2.0 kHz
indicates that the reintroduction of higher-order *H-*N dipolar coupling is better at larger size of by
1an/(211). We can briefly conclude that the recoupling efficiency of higher-order *H-*N dipolar coupling is
proportional to the PM pulse length, biaan/(21), and vi(**N) while inversely proportional to Cq and MAS
frequency. The detailed analysis of the higher-order terms is out of the scope of this work, thus the
investigation was not performed. For the sake of simplicity, the AS/So(t = 0) intensity should be as small
as possible, while at the same time the experimental parameters should ensure the strong robustness to
varying Cq and/or bin-1an/(21) values. Based on all the simulations, the PM pulse with a length of 10tz and
a N rf field of 83 kHz meets all the requirements; hence these conditions will be employed for the
following experiments. This is an important result since we still can fit the experimental fraction curves
without a prior knowledge on a system of interest, or in other words, the analytical expression can be

used for extracting distances.
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Figure 4. Simulated PM-S-RESPDOR fraction curves (solid lines) where AS/S, intensities were plotted as a
function of T for a powdered sample. An isolated *H-*N spin system was defined as follows: | bin-1an/(210) |
was 2.0 kHz (a) and 7.0 kHz (b) while the *N Cq values were varied from 1.0 MHz to 6.0 MHz. Simulations
were performed at Bo = 14.1 T and vg = 70 kHz. The PM pulse length and v; were 10tz (0.14 ms) and 83
kHz, respectively. The analytical curve (unfilled circle) was also included for comparison in (a). The dash

line represents the AS/Sovalue of 0.67.

IV. Materials and methods

L-tyrosine.HCI (Tyr) and N-acetyl-L-alanine (Ac-Ala) were purchased form Sigma-Aldrich and used as
received. The samples were separately packed into 1 mm zirconia rotors and then inserted into 1 mm
'H/X double-resonance probe. The rotors were spun at a MAS frequency of 70 kHz. All NMR experiments
were recorded at a room temperature of 25°C on JNM-ECZ600R (JEOL RESONANCE Inc.) at 14.1 T solid-
state NMR spectrometers. The *H and N Larmor frequencies are 600.0 and 43.4 MHz, respectively. The
'H and N shifts have been referenced so that the *N resonance of NH4Cl is -337 ppm while the H
resonance of uniformly 3C->N labeled L-alanine is 1.5 ppm. The H rf-field was 217 kHz for /2 and 1t
pulses and 140 kHz for the SR42 sequence. For D-HMQC experiments, the N pulse lengths and vi(**N)
were 5 ps and 83 kHz, respectively, and *N SQ coherence was selected in the t; evolution. For PM-S-
RESPDOR experiments, the lengths of the PM pulse was 10tz (0.14 ms) and v1(**N) was 83 kHz for both
samples. The N rf-field was calibrated by NH4Cl. The two-dimensional (2D) *H-{**N} D-HMQC spectrum
of Tyr was recorded using the sequence shown in Fig.1a with 24 scans, 72 t; points, and rotor-synchronized
t; increment of 14.3 ps. The t and recycling delay were 400 us and 3.5 s, respectively. The total
experimental time was 3.4 hours. The States-TPPI method was employed for the quadrature detection

along the indirect dimension. The PM-S-RESPDOR fraction curves were recorded using the sequence
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shown in Fig.1b. Prior to measurements, 64 dummy scans were applied for both Tyr and Ac-Ala in order
to reach the steady state. The tvalue was varied from ~ 0.1 to 2.0 ms for Tyr and from 0 to 1.7 ms for Ac-
Ala, both with a step of 57.1 us. The number of scans and recycle delays were (32, 9.0 s) and (64, 18.0 s)

for Tyr and Ac-Ala, respectively. These fraction curves took about 6 hours for Tyr and 20 hours for Ac-Ala.

V. Experimental demonstration

V.1. L-tyrosine.HCI

The chemical structure of Tyr is shown as inset in Fig. 5. It only consists of one N site, which belongs to
the NHs* group; hence, the magnitude of Cqis small (approximately 1.0 MHz) owing to its symmetric
surrounding environment [41]. Fig. 5 shows a (*H, *N) correlation at 7.7 ppm and -290.0 ppm, respectively,
we thus can unambiguously assign the H at 7.7 ppm to three protons of NHs* group. Other correlations
between different H sites, e.g. at 4.5 ppm, and the single N site are also observed but their intensities
are much weaker. This is due to their longer distances to the *N site compared to H resonance at 7.7

ppm, requiring longer t for sufficient sensitivities.
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Figure 5. 2D H-{*N} D-HMQC spectrum of Tyr (inset) with *H-*N correlations. The experiment was run
with 24 scans, 72 t1 points, and rotor-synchronized ti increment of 14.3 ps. The t and recycle delay were

400 ps and 3.5 s, respectively. The experimental time was ~ 3.4 hours.
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Figure 6 shows the results for the distance measurements in Tyr using the PM-S-REPSPDOR technique.
The extraction of bin.1an/(21) value bases on the best fitting of experimental AS/S, fraction curves with the
analytical ones using Eq. (2). The values that have root mean square deviation (RMSD) about two times of
the smallest RMSD are selected and these values are used for calculating the averaged *H-'*N distance
and its error bar according to Eq. (1). In Fig. 6a, the fraction curve at *H chemical shift of 7.7 ppm reaches
its maximum AS/Sp intensity at T of ~ 1.4 ms, and then the signal drops down. The large fluctuation of
AS/So at T> 1.4 ms is attributed to poor signal to noise ratio of both S’ and So, making the AS/So unreliable.
Hence, for accurate extraction of biy.14n/(21), the points at > 1.4 ms are neglected. The fraction curve is
well fitted with the analytical curve up to T~ 1.4 ms, achieving a *H-*N distance of 1.68 A + 0.04 A without
any vertical scaling. Such distance is much longer than the directly bonded H-N distance, which is
approximately 1.0 A. It indicates that the bin.1anv/(210) is dynamically averaged, resulting from the fast
rotation of the three protons (NH; group) along the C-N bond direction. The dynamically averaged biu.
1an/(211) can be related to the original biu-1an/(21) with @ modulation factor P»(cos(8)) (6 denotes the angle

between H-N and C-N of 109.5°):

(Original bin-1an/(211)) X | P2(cos(109.5°) | = (Averaged bin-1an/(21)), Eq. (3)

or in terms of distance:

(Original H-N distance) = (Averaged H-N distance) x | P2(cos (109.5°)) ¥3]. Eq. (4)
Therefore, the original H-N distance can be calculated as 1.68 A x | P2(cos 109.5°) /3| = 1.16 A, agreeing
well with the H-N distance of 1.01 A, determined by neutron diffraction technique (CSD entry: LTYRHC10)
[42]. The longer distance in PM-S-RESPDOR than those measured by neutron data may be ascribed to the
different vibrational averages of the internuclear distances in ssNMR and diffraction [43]. These reasons
make the distances derived from diffraction measurements always shorter than the actual values
especially for short distances (typically several percent shorter) [44]. Lower AS/S, intensity in the fraction
curve at H chemical shift of 4.5 ppm (Fig. 6b) is observed compared to that at 'H chemical shift of 7.7
ppm (Fig. 6a), indicating a slower dephasing rate or in other words a further distance to the *N site. This
is consistent with the qualitative observation from D-HMQC experiment shown in Fig. 5. The best fitting
(up to T~ 1.4 ms) is obtained with a 'H-1N distance of 2.24 A + 0.07 A, in good agreement with neutron
diffraction H-N distance of 2.10 A (CSD entry: LTYRHC10) [42]. It should be again emphasized that the
fitting by the analytical expression was performed only with varying the dipolar interactions without any
vertical scaling. In short, these results prove the simplicity and accuracy of the PM-S-RESPDOR for multiple

'H-'N distance measurements.
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Figure 6. Tyr: the experimental 'H-*N fraction curves at *H chemical shift of 7.7 ppm (a) and 4.5 ppm (b)
achieved by PM-S-RESPDOR (dots) and the fitting curves by the analytical expression (solid lines). The
experimental time was ~ 6 hours. The insets show the best fitting *H-1*N dipolar coupling values based on
the RMSD analysis. Fittings are performed solely by adjusting bin-1an/(21) in Eq. (2) without any scaling of
AS/So dataset.

V.2. N-acetyl-L-alanine

To investigate the feasibility of PM-S-RESPDOR for samples with larger N Cq values, experiments have
been performed on Ac-Ala, whose structure is shown in the middle panel of Fig. 7. The quadrupolar
product is estimated to be 3.4 MHz from the difference between *N and N shifts, which is consistent
with that frequently observed in the amide nitrogen. From the fitting of the analytical curves (solid line)
to the experimental ones (dots) in Fig. 7a and b, the H-1N distances at (*H: 7.9 ppm (NH site), 2*N: 200
ppm) and (*H: 3.9 ppm (CH site), ¥*N: 200 ppm) were calculated to be 1.06 A + 0.02 A and 2.11 A £+ 0.05 A,
respectively. It is noted that for the fitting for fraction curve at 'H of 7.9 ppm was performed by using only
up to 0.4 ms while that at *H of 3.9 ppm was up to 1.7 ms. Such difference in fitting will be explained later.
While the latter agrees well with the distance of 2.09 A from single crystal X-ray diffraction, the former is
longer than the reported N-H bond length of 0.78 A (CSD entry: ATUVIU) [45]. This is because the X-ray
method approximates the center of electron density but not the atomic position, and it is poor at locating
the hydrogen position due to a limited scattering power of hydrogen in addition to the vibrational effect
discussed above. Another advantage of our method is that measurements can be done at room

temperature (298 K) while it was at low temperature (105 K) for X-ray study [45]. In conclusion, even for
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a difficult system where the bin14n/(21) is strong and N Cq value is large, the PM-S-RESPDOR sequence

is applicable for providing the multiple accurate H-*N distances in a single experiment.

a) 7.9 ppm —— b) 3.9 ppm
) H .,
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Figure 7. Ac-Ala: the experimental *H-1*N fraction curves at *H chemical shift of 7.9 ppm (a) and 3.9 ppm
(b) achieved by PM-S-RESPDOR (dots) and the fitting curves by the analytical expression (solid lines). The
structure of Ac-Ala is shown in the middle of Fig. 7a and 7b, where H chemical shifts of 7.9 ppm and 3.9
ppm correspond to NH and CH sites, respectively. The experimental time was ~ 20 hours. The insets show
the best fitting *H-2*N dipolar coupling values based on RMSD analysis. Fittings are performed solely by

adjusting bin-1an/(2M) using Eq. (2) without any scaling of AS/So dataset.

It is noted that we repeatedly observe a good fitting until the first oscillation appears while the random
noise behavior appears beyond that point. We speculate that this is because of combined effects of
spinning fluctuation and size of *H-*N dipolar couplings. The spinning fluctuation introduces noise as
observed in D-HMQC experiments. As mentioned before, two SR4 blocks should be rotor-synchronized,
otherwise the reintroduced H-*N dipolar prevents the echo formation of H signals. Thus, random
fluctuation of sample spinning introduces random variation of *H PM-S-RESPDOR signals. The extent of
variation depends on the degree of spinning fluctuation as well as on the size of *H-*N dipolar interactions.
While the former is the same for all the spins, the latter depends on spin pairs. When H-¥*N dipolar
coupling is small, the effect of spinning fluctuation is insignificant because of the small recoupled
interaction, allowing the formation of an echo even with long recoupling time (t). On the other hand, the
effect of spinning fluctuation is amplified for strongly coupled *H-*N pair due to the large recoupled
interaction, hampering the formation of an echo for long recoupling time. We have performed preliminary

investigation by introducing small delay before the first SR4 block mimicking the spinning fluctuation. The
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larger deviation is observed in the stronger coupled 'H-*N pair, qualitatively agreeing with the
experimental observation (Fig S3). This also explains for experimental observations; the fitting of fraction
curve for stronger couplings of *H at 7.9 ppm of Ac-Ala was only up to 0.4 ms while they for weaker
coupling were up to 1.4 ms for 'H of L-tyrosine and 1.7 ms for *H at 3.9 ppm of Ac-Ala. We are now
investigating the phenomena of large deviations of strong *H-*N dipolar coupling in the presence of

spinning fluctuation in detail and will be published elsewhere.

VI. Conclusion

In this work, we have managed to use the combination of a phase-modulated pulse and the S-RESPDOR
sequence (PM-S-RESPDOR) for the measurement of H-“N distances at very fast MAS frequency.
Numerical spin dynamics simulations have shown the high robustness of the PM pulse with respect to
large variations of dipolar couplings and quadrupolar coupling constants with vi(**N) of 80 kHz and more,
and a length of 10tg. Such advances have enabled a simple fitting procedure without vertical scaling by
just adjusting the 'H-*N dipolar coupling strengths using analytical equation for matching with
experimental fraction curves. Another important point for the PM-S-RESPDOR sequence is the ability to
measure multiple distances since the dipolar truncation effect is avoided. The experimental verifications
were subsequently performed on L-tyrosine-HCl and N-acetyl-L-alanine samples. The obtained H-*N
distances are consistent with those derived from diffraction techniques. With simple implementation and
accurate distance measurements, we believe that this new PM-S-RESPDOR sequence can be useful on

other systems and on other quadrupolar nuclei.
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Figure S1. Simulated PM-S-RESPDOR fraction curves where AS/So intensities were plotted as a function of
7 for a powdered sample. An isolated *H-1*N spin system was defined as follows: |bin.1an/(210)| was 2.0
kHz (a) and 8.0 kHz (b) while the ¥*N Cq value was fixed at 4.0 MHz. Simulations were performed at By =
14.1 T and vz = 70 kHz. The PM pulse length was 46tz (0.66 ms) while v1(**N) were varied from 10 to 100

kHz with a step of 10 kHz. The dash line represents the AS/Sovalue of 0.67.
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Figure S2. Simulated PM-S-RESPDOR fraction curves where AS/S, intensities were plotted as a function of
T on a powdered sample. An isolated *H-'*N spin system was defined with | bin-1an/(271) | of 2.0 kHz (a) and
7.0 kHz (b) while the N Cq values were varied from 1.0 MHz to 6.0 MHz. Simulations were performed at
Bo=14.1T and vg = 70 kHz. The PM pulse length and v1(**N) were 46tz (0.66 ms) and 83 kHz, respectively.
The dash line represents the AS/Sovalue of 0.67.
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Figure S3. Simulated PM-S-RESPDOR fraction curves where AS/So intensities were plotted as a function of
T on a powdered sample of an isolated *H-*N pair. Simulations were calculated with d1 = d2 = 0 (black)
and d1=0.2 ps; d2 =0.3 ps(red) for | biy-1an/(211) | of 0.8 (a) and 6.8 kHz (b). The PM-S-RESPDOR sequence
is shown on the top to present the small delays d1 and d2 before and after the first and second SR4 blocks,
respectively. Simulations were performed at Bo = 14.1 T and vg = 70 kHz. The starting operator was Ix and
the detecting operator was I, = Ix + i.l,, in which I represents the *H nucleus. tz denotes the rotor period
(an inverse of the spinning frequency) while k, p are integer numbers. The dash lines present the rotor-

synchronized intervals.

24



