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Abstract

Measurement of distances from dipolar couplings is essential for structural
characterization, refinement and validation using the solid-state nuclear magnetic
resonance (ssNMR) spectroscopy. Particularly, knowledge about NH dipolar
interactions in biological solids is important for understanding the hydrogen (H)-
bonding interactions, molecular geometry and spin dynamics. In this regard, we have
proposed a proton-detected two-dimensional (2D) "N-'H dipolar coupling/'H chemical
shift correlation experiment using the C-symmetry based windowless recoupling of
chemical shift anisotropy (ROCSA) in combination with the DIPSHIFT pulse-based
method for the measurement of short NH distances in the isotopically labeled and
naturally abundant biological solids at fast MAS rates (40-70 kHz). Our proposed
method results in undistorted recoupled '"N-'H dipolar coupling powder lineshapes that
are free from the recoupled 'H CSA contributions under the >N evolution, a feature
that is essential for the measurement of NH distances with improved accuracy (+ 500
Hz in terms of the NH dipolar couplings). The pulse sequence developed in the present
study is also insensitive to the 'H-'H homonuclear dipolar interactions, relaxation
effects owing to its constant-time implementation, and #1-noise from the fluctuations in

the magic angle spinning (MAS).



Introduction

Orientation dependent/anisotropic interactions like chemical shift anisotropy (CSA),
dipolar and quadrupolar couplings in solid-state nuclear magnetic resonance (ssNMR)
spectroscopy carry a variety of structural information at an atomic level. However,
these interactions are partially or fully averaged out by magic angle spinning (MAS)
used for a better site resolution and enhanced sensitivity of NMR spectra [1,2]. A
careful manipulation of these interactions through the application of radio-frequency
(rf) pulses in combination with MAS, commonly referred to as recoupling methods,
holds the key for structural refinement and validation of chemical, materials and
biological samples [3—11]. In such methods, the MAS averaged anisotropic interaction
of choice is reintroduced by the application of rf pulses whose modulation frequency
and/or field strengths are synchronized to MAS. In the recent past, methods to
reintroduce the anisotropic interactions for structural constraints at fast MAS have
gained considerable popularity in the magnetic resonance community thanks to
improved sensitivity by the 'H detection together with a minimal requirement of sample
(~ 1 to 0.3 mg) [12-24].

While MAS rates > 40 kHz largely simplify problems related to the detection of

protons, methods to measure the X-'"H heteronuclear distances at such fast MAS rates
are still emerging [25]. Previously, rotor-synchronized y-encoded R-symmetry (RN,))

based 2D and 3D separated local field (SLF) and/or DIPSHIFT experiments were
proposed to measure the SN/!3C-'H dipolar couplings in solid samples at variable MAS
rates [26-35]. The conventional symmetry-based DIPSHIFT method was later
modified by Hou et.al., and an elegant Phase-alternating R-Symmetry (PARS)-based
method was proposed wherein phase-alternating RN blocks were applied on the 'H
channel along with an insertion of a z-pulse on the >N(!3C) channel at the end of every
RN blocks for efficient suppression of 'H CSAs under the X nuclei evolution [36,37].
The R-Symmetry-based Rotational Echo Double Resonance (S-REDOR) pulse
sequence developed by Amoureux et.al., was used for '*C-'H distance measurements
in biological solids at 65 kHz MAS rate [38,39]. Nishiyama et.al. developed inversely
detected Cross-Polarization with Variable Contact time (invCP-VC) method that was
shown to provide accurate '*C/!N-"H short distances, and the method was used for the
analysis of the dynamics in biological solids at fast MAS (> 60 kHz) [40,41]. For

naturally abundant samples the phase-modulated symmetry-based rotational-echo



saturation-pulse double resonance (PM-S-RESPDOR) experiment was recently
proposed for the measurement of '“N-"H distances at fast MAS [42,43]. Nevertheless,
several challenges as discussed below are associated with these experiments for the
heteronuclear distance measurements at fast MAS.

Despite the robustness of the S-REDOR experiment at various experimental
parameters, this method suffers from small fluctuations in the spinning frequency. As
refocusing of the unwanted recoupled 'H CSA is only completed at the end of the spin-
echo duration, any fluctuations in the spinning frequency can lead to a loss in the S-
REDOR signal efficiency. Subsequently, its implementation can be problematic at fast
MAS wherein small fluctuations in the spinning frequency are generally unavoidable
[44]. On the other hand, the unwanted recoupled '"H CSA in the PARS approach is
refocused during each cycle time of the symmetry element, therefore the method is
essentially indifferent to the presence of 'H CSA. Nevertheless, recoupled 'H CSA in
each sub-cycle can still contribute to the higher-order cross terms between the 'H CSA
and 'SN-'H dipolar-coupling operators. Moreover, the measurement of weaker X-'H
dipolar couplings in the presence of a strong X-'H dipolar coupling using the PARS
method is challenging due to the dipolar truncation. The CPVC method has also shown
promising results for the accurate measurement of X-'H distances at fast MAS;
however, its sensitivity towards the rf mismatch together with 71, decay can lead to a
loss in the signal efficiency [45]. Furthermore, MAS rates > 60 kHz is mandatory as
the extent of 'H-'H decoupling is solely governed by the rate at which the sample spins.
Also, this method assumes axially symmetric dipolar coupling tensor and therefore, can
be challenging to study samples with intermediate correlation time and/or motionally
averaged asymmetric tensors. The PM-S-RESPDOR method is advantageous owing to
the high sensitivity resulting from the high natural abundance of '“N. However, in the
cases where multiple nitrogens appear in the vicinity of the target proton, the extraction
of '*N-"H distances becomes challenging in the presence of multiple '“N-"H couplings,
unlike in the 'N-DIPSHIFT method. Although *N overtone REDOR alleviates this
problem, well-separated overtone '“N resonances are still essential in the experiment
[46].

In this article, we propose a proton-detected 2D 'SN-'H dipolar coupling/'H chemical
shift (CS) correlation experiment using a C-symmetry-based windowless Recoupling
of Chemical Shift Anisotropy (ROCSA) pulse sequence [47] in combination with the
DIPSHIFT strategy that can potentially overcome most of the difficulties listed above.



We believe the proposed method can serve as an alternative to the existing methods
used to measure short '’N-"H distances at fast MAS. Previously, NH dipolar couplings
have been utilized for relaxation-based dynamics studies using solution NMR and
structural topology studies using static oriented bilayers [48,49]. Our focus in the
present study is to measure short '"N-'H distances in biological solids which can
potentially be useful for probing the backbone and side-chain dynamics of peptides and
proteins as well as to understand the H-bonding interactions responsible for protein
folding and molecular recognition. Recently, the windowless ROCSA sequence was
proposed by Kobayashi et.al., for the reintroduction of 'H CSA at fast MAS [50]. This
method allowed simultaneous recoupling of both the |m| =1 and |m| =2 spatial
components of the 'H CSA with complete suppression of the 'H-'"H homonuclear
dipolar couplings thus facilitating the determination of both the sign and the magnitude
of '"H CSA. Since CSA and heteronuclear dipolar coupling have the same spatial and
spin symmetries, both interactions are simultaneously reintroduced during the
windowless ROCSA duration. This characteristic of the pulse sequence is exploited in
the present study for the reintroduction of heteronuclear dipolar interactions. In the
windowless ROCSA sequence, the 'H CSA is reintroduced in the form of I, operator,
which commutes with the recoupled heteronuclear X-'H coupling operator (/.S;) and
as the magnetization is brought onto the X-nuclei through the cross-polarization (CP)
step, 'H CSA does not interfere with the X-'H dipolar coupling under the X-nuclei
evolution. Hence, the sequence is free from the 'H CSA and can suppress the #1-noise
caused by MAS fluctuations. Moreover, as the heteronuclear X-'H dipolar interactions
between different spin pairs commute with each other, the ROCSA-based DIPSHIFT
experiment can be designed and developed in the future to measure long-range
correlations. The ROCSA-based DIPSHIFT method is also implemented in a constant-
time manner to minimize any relaxation (7%”) effects or signal modulations due to the
X spin CSA, X-X homonuclear dipolar and .J couplings during the X-'H heteronuclear
recoupling duration. With all the benefits of the ROCSA-based DIPSHIFT method
listed above, we have demonstrated its applicability in the distance measurements in
isotopically enriched and naturally abundant biological solids L-Histidine. HCI.H20 (L-
His.HCIL.H20) and a tri-peptide, N-formyl-methionyl-leucyl-phenylalanine (MLF) at
fast MAS rates (40-70 kHz).

Pulse Sequence



The proton-detected 2D ROCSA-based DIPSHIFT pulse sequence for the 'N-'H
dipolar coupling/'H CS correlation experiment is shown in Figure 1. The initial 90°
pulse on the 'H channel creates the 'H transverse magnetization which is then
transferred to !N using a ramped amplitude-modulated cross-polarization (RAMP-CP)
step. After the first CP step, the '’N magnetization evolves for a constant echo duration
T. A 180° pulse is inserted in the middle of the constant duration 7 to refocus "N
isotropic chemical shifts. The 'N-'H dipolar couplings are expressed during the

incremental #1 duration by an application of the rotor-synchronized C-symmetry based

windowless ROCSA pulse sequence [ CN (90:)0360:806540}360:8009020 ywith N=3,n=

3 and v = 1] [50], henceforth referred to as the windowless C3}-ROCSA, followed by

an application of a low power heteronuclear decoupling on the 'H channel for the
remaining echo duration 7-71. Just after the constant duration 7, the >N magnetization
is stored along the z-direction by an application of a 90° pulse on the !N channel. The
remnant transverse 'H magnetization is removed by the application of the homonuclear
rotary resonance (HORROR) sequence on the 'H channel. The SN transverse
magnetization is again created for the second CP transfer by an application of a 90°
pulse on the >N channel and is transferred back to the protons during the RAMP-CP

step for detection.

Experimental

All the NMR experiments on the labeled samples were carried out on a JEOL
spectrometer (Model: INM-ECZ600R, JEOL RESONANCE Inc., Japan) equipped
with a 1.0 mm double-resonance (HX) fast MAS probe (JEOL RESONANCE Inc.,
Japan) and operating at the '"H and !N Larmor frequencies of 599.672 and 60.764 MHz,
respectively. For naturally abundant MLF, the 2D 'SN-'H dipolar coupling/'H CS
correlation experiment was performed on a JNM-ECZ900R spectrometer equipped
with a 1.0 mm triple resonance probe (JEOL RESONANCE Inc. Japan) and operating
at 899.4 MHz ('H) and 91.1 MHz ('>N) Larmor frequencies. Approximately one mg
powdered samples of U-'SN L-His.HCL.H20, U-!*N/3C and naturally abundant MLF
were separately packed into 1.0 mm zirconia rotors. A MAS rate (vr) of 69.832 kHz
unless specified otherwise was used for all the NMR measurements conducted on the
600 MHz NMR spectrometer for the labeled samples at an ambient temperature. A
MAS rate of 60.096 kHz was used for the NMR measurements on naturally abundant



MLF. Recycle delays of 7 s and 3 s were used for U-""’N L-His.HCI.H20, and U-’N/"3C
and naturally abundant MLF, respectively. The 90° pulse lengths were optimized to 0.8
and 2.5 us [600 MHz NMR spectrometer] and 1.03 and 2.42 ps [900 MHz NMR
spectrometer] for 'H and >N, respectively. The double-quantum (DQ) Hartmann-Hahn
CP matching condition [51] under MAS ('H and >N rf amplitudes of 19 kHz and 48
kHz [600 MHz NMR spectrometer], and 16 kHz and 46 kHz [900 MHz NMR
spectrometer], respectively) was implemented in the RAMP-CP steps to avoid any
sample heating due to the strong 'H rf fields. While a longer contact time of 2 ms during
the first CP step was used to maximize the magnetization transfer between 'H and '°N,
a shorter contact time of 0.4 ms was used in the second CP step to select directly bonded
NH proton resonances. A >'N-'H CW decoupling of the rf strengths ~9.1 kHz and 12
kHz was applied on the 'H channel on 600 MHz and 900 MHz NMR spectrometers,
respectively, during the duration 7-#1. The constant spin echo-time duration 7 in the
experiment was set according to the relation [7 = 27 X ((maximum 71 increments X n)
+ 1); here, & represents the rotor period]. A "N-'H WALTZ decoupling of the rf
strengths ~8.6 kHz and 10 kHz was applied on the !N channel on 600 and 900 MHz
NMR spectrometers, respectively, during the 'H acquisition period (2 = 10.24 ms). The
phase-modulated (XYXY) HORROR sequence was applied for 200 ms with the 'H rf
field amplitude of 9.1 kHz and 7.3 kHz on 600 and 900 MHz NMR spectrometers,

respectively. The windowless C3,-ROCSA pulse sequence for the recoupling of NH

dipolar interactions was implemented with 32 # time point increments for every 8, 32
and 4096 transients for U-'*N L-His.HC1.H20, and U-""N/'*C and naturally abundant
MLF, respectively. Recoupled signals were obtained at every 6z unless specified
otherwise with the rf field strengths 279.3 kHz and 240.4 kHz (4 vr) on 600 and 900
MHz NMR spectrometers, respectively. All the NMR data were processed using the
Delta software (JEOL RESONANCE Inc.). The 'N-'H dipolar coupling modulated
time domain signal was processed using twelve times data zero filling followed by the
real Fourier transform (FT). The recoupled experimental 'SN-'H dipolar coupling
powder lineshapes were simulated with REPULSION678 (a, f) crystallite orientations
and 60 p-angles using the SIMPSON software [52—55]. A single exponential function
with a line broadening of 150 Hz was applied before the FT of the dipolar modulated

time domain data resulting from the simulations.



Results and Discussion
To highlight the role of unwanted 'H CSA in the '>N-'H distance measurements we
carried out a systematic comparison of dipolar coupling powder lineshapes obtained

from the existing y-encoded R-symmetry-based DIPSHIFT methods with our proposed
windowless C3I3-ROCSA-based DIPSHIFT approach. In this regard, we performed

two-spin (‘H and '’N) numerical simulations using the SIMPSON software to generate

the '>N-'H coupling powder lineshapes from the y-encoded R-symmetry-based R16;
[32,56,57] and R16§ -PARS with phase-alternating 180° pulses, and the windowless

C3;-ROCSA based DIPSHIFT pulse sequences both in the presence and absence of a
large 'H CSA (-16.0 ppm), and a "N (S)-'H (/) dipolar coupling strength (
Dy =b, |21 =—,y,ysh/87 1) of 10 kHz. As shown in Figure 2, the reintroduced

ISN-'H dipolar coupling powder lineshapes from the y-encoded R163-based DIPSHIFT

pulse sequence have a strong dependence on the 'H CSA and the asymmetry parameter.
The first-order average Hamiltonian [58—60] under the >N evolution in the case of y-
encoded symmetry-based sequences comprises of the 'H CSA (C1L+C2/-; here C1 and
C2 are 'H CSA constants) and the '’N-'H dipolar coupling (C3/+S, + Cal-Sz; here C3 and
Cs are ’N-'H dipolar coupling constants) operators [61] which commute only if the y-
angles in their respective principal axes are considered to be the same. Generally, the
"H CSA and '’N-'H dipolar coupling operators in the first-order average Hamiltonian
do not commute with each other and result in a huge distortion in the recoupled "N-"H
dipolar coupling powder lineshape. Such a problem is alleviated by the implementation
of PARS method that refocuses 'H CSA every cycle time of the symmetry pulses and
results in an undistorted recoupled 'N-'H dipolar powder lineshape (Figure 2).
Nevertheless, an appearance of the central peak at zero frequency due to the PARS
method can contribute to a loss in recoupling efficiency/sensitivity and can interfere in
the spectral analysis of smaller couplings. Moreover, the height of the central peak is

pulse-sequence specific and can vary depending on the choice of the symmetry
numbers. In contrast, the first-order average Hamiltonian for the windowless C3}-
ROCSA-based DIPSHIFT method comprises of commuting longitudinal 'H CSA (Iz)

and the "N-'H dipolar coupling (12Sz) operators and therefore, the recoupled dipolar
lineshapes should be unaffected from the 'H CSA to the first-order. As shown in Figure



2 the windowless C3}-ROCSA-based DIPSHIFT method results in the 'SN-'H dipolar

coupling powder lineshape which is largely unaffected by the presence of 'H CSA
under the >N evolution. Note that the recoupled dipolar coupling powder pattern is
very similar to the static Pake doublet with two horns (internuclear dipolar coupling
vector is perpendicular to the applied static magnetic field) together with foot signals
(internuclear dipolar coupling vector is parallel to the applied static magnetic field).
Minor deviation from the static Pake doublet can be attributed to the recoupling of
dipolar Hamiltonian using the proposed pulse sequence in a slightly different form as
compared to the static Hamiltonian. To further highlight the contributions from '"H CSA

and possible cross terms between the 'H CSA and "N-'H dipolar couplings, we carried
out numerical simulations using the windowless C 3§-ROCSA-based DIPSHIFT pulse

sequence with a variation of the '’N-"H dipolar coupling strength from strong (10 kHz),
medium (6 kHz) to weak (2 kHz) both in the presence and absence of a large '"H CSA.
As demonstrated in Figure S1-a of the supporting information, the "N-'H dipolar
coupling powder lineshapes remain unaffected in the presence of 'H CSA under the '’N
evolution highlighting their indifference to the '"H CSA. Further we carried out a series
of two-spin numerical simulations using the proposed pulse sequence and different
magnitudes of the '"H CSA (-20 ppm to 0 ppm) with an objective to understand the
impact of changing magnitudes of '"H CSA on the recoupled "N-'H dipolar coupling
powder lineshapes under the "N evolution. Results emerging from the numerical
simulations are shown in Figure S1-b of the supporting information. As evident the
recoupled '’N-"H dipolar coupling powder lineshapes remain invariant by the changing

magnitudes of the 'H CSA. The above observations emphasize the advantage of the
windowless C3) -ROCSA-based DIPSHIFT experiment for the recoupling of
heteronuclear dipolar couplings over the existing y-encoded symmetry-based
DIPSHIFT pulse methods including PARS.

To understand the multi-spin effects (‘H-'H homonuclear and long-range 'N-'H

heteronuclear dipolar interactions) of recoupling of one bond (short) '"N-'H dipolar
coupling using the windowless C313-ROCSA-based DIPSHIFT pulse sequence, we

carried out numerical simulations consisiting of three (N-H2), four (N-H3) and five (N-
H4) spins under the >N evolution at a fast MAS rate of 69.832 kHz. As depicted in
Figure S2 of the supporting information, the one bond '>N-'H dipolar coupling powder



lineshapes remain invariant with the increase in the number of 'H spins or the 'H-'H
homonuclear dipolar interactions in the absence of all the long-range NH dipolar
couplings. In other words, the 'H-'"H homonuclear dipolar couplings contribute
negligibly to the recoupled heteronuclear dipolar average Hamiltonian. To validate the
role of long-range NH dipolar couplings in the estimation of one-bond (short) NH
distances, we carried out numerical simulations with three (N-H2), four (N-H3) and
five (N-H4) spins both in the presence and absence of all the long-range NH dipolar
couplings under the >N evolution. The DIPSHIFT powder lineshape in principle should
vary depending on the number and strengths of the long-range '’N-'H dipolar couplings.
Such effects can be seen in the multi-spin simulations (Figure S3-a of the supporting
information) wherein contributions from the long-range NH dipolar interactions to the
recoupled powder lineshapes are clearly visible especially at the foot of the powder
pattern. As discussed above the recoupled dipolar coupling powder pattern exhibits
pseudo-Pake doublet characteristic of a two-spin system, the presence of long-range
interactions can only modify this powder pattern especially at the feet while retaining
the separation between the two horns. Nevertheless, as the dipolar coupling
singularities are retained, a two-spin model can in principle be used to extract the
shortest "N-'H dipolar coupling. Theoretically, the DIPSHIFT spectra can be

convoluted for the extraction of all the '’N-"H dipolar couplings. Such an observation
should lead to the design and development of windowless C?al3 -ROCSA-based
DIPSHIFT experiments to measure long-range NH correlations relevant for structural
studies [62]. We believe the time-domain data from the windowless C3} -ROCSA-

based DIPSHIFT experiments can be utilized to separate the contributions from long-
range and short-range dipolar couplings as demonstrated in the RESPDOR method [62].
This observation is in contrast to the PARS method wherein weak X-'H dipolar
couplings cannot be measured in the presence of a strong X-'"H dipolar coupling due to
the dipolar truncation. Currently, we are in the process of exploring the possibility of
measuring long-range NH dipolar couplings in our laboratory and results emerging
from the study will be published elsewhere. Notably, all the multi-spin simulations
depicted in Figures S2 and S3-a of the supporting information were carried out without
the inclusion of '"H CSAs i.e., a purely dipolar coupling Hamiltonian was considered.
Though our proposed pulse sequence is shown to generate undistorted recoupled *N-

'H dipolar coupling lineshapes in the presence of 'H CSA from a two-spin model as

10



discussed above, it is important to check if the magnitude of the 'H CSA or related
higher-order cross-term contributions have any impact on the recoupled ’N-'H dipolar
coupling lineshapes when CSAs of protons are incorporated in the multi-spin
simulations. In this regard, we carried out three, four and five spin simulations in the
presence of '"H CSAs and the results are plotted in Figure S3-b of the supporting
information. As shown, the recoupled '"N-'H dipolar coupling lineshapes remain
unchanged in the presence of '"H CSAs, which again confirms the fact that the proposed
pulse sequence is tolerant to the presence of 'H CSA. Any deviations in the 'N-"H
dipolar coupling lineshape from the two-spin model can be attributed to the long-range

NH dipolar couplings as discussed above.

Figure 3 depicts the 2D 'N-'H dipolar coupling/'H CS correlation spectra of U-'>N L-
His.HC1.H20 and U-'>N/!*C MLF. The "N-'H dipolar coupling powder lineshapes for
both the samples were extracted by taking slices parallel to the recoupled '"N-'H dipolar
dimension at the 'H isotropic chemical shift values and are also shown in Figure 3. As
demonstrated earlier through the numerical simulations, the experimental "N-"H
dipolar coupling powder lineshapes extracted from the 2D ’N-'H dipolar coupling/'H
CS correlation experiment are devoid of any central peak and therefore, simultaneous
recoupling of the '"H CSA has no effect on the recoupled dipolar coupling powder
lineshapes under the >N evolution. The experimental '’N-"H dipolar coupling powder
lineshapes are fitted using the SIMPSON software to obtain the dipolar couplings. As
shown in Figure 3, the experimental '’N-'H dipolar coupling powder lineshapes match
well with the numerical simulations. The dipolar coupling strengths obtained from the
ISN-'H dipolar coupling powder lineshape fittings are 9.67 kHz and 10.41 kHz for NH+
and NH groups in the imidazole ring of U-'*N L-His.HCI.H2O, respectively. The "N-
'H dipolar couplings are converted to the NH distances as 1.079 A and 1.054 A for
NH+ and NH groups, respectively, and are in close agreement with the results reported
in the literature from the solid-state NMR studies [40,41]. The minor disagreement at
the foot of the experimental and calculated patterns comes from the long-range N-'H
couplings. Estimated NH distances in the present study are slightly longer in
comparison to the neutron diffraction study on L-His.HCI.H2O wherein reported NH
distances are 1.070 A and 1.026 A for NH+ and NH groups, respectively [63]. In
general, NH distances measured from the solid-state NMR are shown to give longer

distances [40,41] in comparison to neutron diffraction studies due to the impact of

11



liberation motion on dipolar couplings [49,64]. Similar to U-'N L-His.HCI.H-O, the
amide group "N-'H dipolar couplings were extracted for U-'SN/'3C MLF. The "'N-'H
dipolar coupling powder lineshape fittings resulted in 10.30 kHz, 10.30 kHz and 10.50
kHz, and the corresponding NH distances as 1.057 A, 1.057 A and 1.051 A for the Leu-
NH, Met-NH and Phe-NH groups, respectively. These values are in close agreement
with those obtained with the invCPVC method (Figure S4 of the supporting
information) and reported earlier using the PARS method [36]. The NH distance
associated with the NH3* group in U-'SN L-His.HCI.H20 could not be estimated due to
poor sensitivity as the CP conditions were optimized for strongly dipolar coupled NH
protons. This is attributed to the motionally averaged smaller NH dipolar couplings and
contributions from the remote NH dipolar couplings to the powder lineshape. It is

worthwhile mentioning that in the absence of sharply defined dipolar coupling
singularities from the windowless C 3;—ROCSA—based DIPSHIFT method, an error in

the range of = 500 Hz for the dipolar-coupling constant is inevitable. We have not used
any software-based iterative lineshape-fitting tool and therefore, the error bar reported
here is based on our judgment from the manual fitting. Deviations in the experimental
and a model two-spin fitted dipolar coupling powder lineshapes from the numerical
simulation can be mostly ascribed to the contributions from the remote 'N-'H dipolar
couplings as explained earlier. In addition, the CP transfer efficiencies may vary
depending on the orientation of the NH bond with respect to the spinning axis that can
also result in minor distortions in the experimental dipolar coupling powder lineshapes.
For samples with overlapping 'H resonances in the isotropic chemical shift dimension,
a high-resolution >N isotropic chemical shift (large chemical shift dispersion)
dimension should be added to facilitate the extraction of '"N-'H dipolar couplings
through the >N isotropic chemical shifts in addition to the 'H shifts. In this regard, we
designed the 3D '>N-'H dipolar coupling/!*N CS/'H CS correlation pulse sequence with

the windowless C3}-ROCSA-based DIPSHIFT unit for the reintroduction of '“N-'H

dipolar couplings (Figure S5 of the supporting information). Notably, the 'H
resonances associated with the amide NH groups in U-'SN/!3C MLF are partially
resolved and therefore, the 2D 'N-'H dipolar /'H CS correlation experiment may be
sufficient to get information on the recoupled dipolar interactions. Nevertheless, we
used U-""N/1*C MLF for recording the 3D '>N-'H dipolar/'">’N CS/'H CS correlation

experiment solely to test the working principles of the proposed pulse sequence. The

12



SN-'H dipolar coupling powder lineshapes extracted from the 3D '"N-'H dipolar
coupling/">*N CS/'H CS correlation data can be found in Figure S5 of the supporting
information. The '"N-'H dipolar coupling powder lineshape fitting using SIMPSON
resulted in 10.30 kHz, 10.00 kHz and 10.30 kHz, and the corresponding distances of
1.057 A, 1.068 A and 1.057 A for the Leu-NH, Met-NH and Phe-NH groups,
respectively. The estimated distances are comparable to those obtained from the 2D
SN-'H dipolar coupling/'H CS correlation experiment with the observed small
differences well within the error limit.

To understand the role of rf mismatch on the sensitivity and dipolar splitting using the
windowless C3;-ROCSA-based DIPSHIFT method, we collected a series of 2D '5N-
'H dipolar coupling/'H CS correlation experiments with a variation of the rf amplitude

of the windowless C3}-ROCSA pulses on U-'*N L-His.HCL.H2O sample. The rf

amplitude of the windowless C3;-ROCSA pulses was varied from 80 % to 100 % of

the maximum capability of the 'H rf amplitude (302.4 kHz) in a step-size of 4 %. As
depicted in Figure 4, the recoupled '’N-'H dipolar coupling powder lineshapes for NH*
and NH resonances of U-'N L-His.HCL.H20 extracted from the 2D 'N-'H dipolar
coupling/'H CS correlation experiments are sensitive to the rf mismatch. Both the
intensity as well as the dipolar coupling splitting varies with the extent of rf mismatch.
Therefore, it is important to calibrate the rf amplitude of the symmetry pulses before
setting up the 2D 'N-'H dipolar coupling/'H CS correlation experiment. Nevertheless,
the calibration of the rf amplitude for the symmetry pulses can simply be accomplished
by running a set of nutation experiments with a variable 'H 90° rf field strength using

the '"H-'SN-'H double cross-polarization (DCP) pulse sequence [16] that forms the basic
unit of the windowless C3;-ROCSA-based DIPSHIFT experiment. To achieve the

actual B1 field experienced by the sample, we collected nutation profiles with a
variation of the initial '"H 90° rf pulse amplitude (40 % to 100 % of the maximum rf
capability in the step size of 10 %) in the DCP pulse sequence. The corresponding 'H
B fields were calculated by taking an inverse of the difference of 37 and 7 pulse lengths
or the 27 pulse length obtained from the nutation profiles. Table-S1 in the supporting
information has the information on the 'H rf pulse parameters used for the calibration
and calculation of the 'H rf field (B1). The calculated 'H B field strengths from the

nutation profiles were plotted against the experimental 'H 90° rf amplitudes and a linear

13



fit of the data points was obtained (Figure S6 in the supporting information). From the
linear fit equation (y = mx + c; where y-axis: observed B1 field and x-axis: experimental

'H rf amplitude supplied to the spectrometer) actual '"H B field can be calculated. For
example, the 'H B field strength for the symmetry pulses in the windowless C3\-

ROCSA-based DIPSHIFT is 4v: (here vr is the MAS rate) = 279.3 kHz at a MAS rate
of 69.832 kHz. Therefore, the corresponding rf amplitude from the calibration curve
corresponds to 92% of the maximum capability of the 'H rf amplitude.

To substantiate the role of MAS rate on the recoupled dipolar coupling powder
lineshapes using the windowless C313—ROCSA—based DIPSHIFT method, we carried

out a series of the 2D 'N-'H dipolar coupling/'H CS correlation experiments at
different MAS rates of 29.976, 40.064, 50.000 and 60.096 kHz and compared with the
data recorded with a 69.832 kHz MAS rate. The main objective here was to explore the
feasibility of the proposed method at MAS rates less than 65 kHz by observing the
quality of the recoupled dipolar coupling powder pattern. The '>N-'H dipolar coupling
powder lineshapes extracted from the 2D 'N-'H dipolar coupling/'H CS correlation
experiments on U-""N L-His.HCI1.H20 at different MAS rates are plotted in Figure 5.
The '>N-'H dipolar powder coupling lineshapes observed above 40 kHz are undistorted
with well-defined singularities and are mostly free from the central peak, and match
extremely well at all the MAS rates for both NH* and NH groups of the imidazole ring
of U-’N L-His.HCLH20. Such an observation highlights the robustness of the
proposed method towards any higher-order contributions from the 'H CSA and 'N-'H
dipolar coupling to the recoupled average Hamiltonian even at MAS rate ~ 40 kHz.
However, the dipolar coupling powder lineshapes are slightly distorted and are also
associated with a central peak in the case of the 2D '"N-'H dipolar coupling/'H CS
correlation experiment at 29.976 kHz MAS rate. This spinning frequency may be

considered as the lower limit for the implementation of the windowless C3}-ROCSA-
based DIPSHIFT method for the 'N-'H distance measurements.
Finally, we collected the 2D '>N-'H dipolar coupling/'H CS correlation experiment on

a naturally abundant MLF using the windowless C3}-ROCSA-based DIPSHIFT

method at fast MAS. Due to extremely low natural abundance (0.37%) and a small
gyromagnetic ratio of the '>N such an experimental analysis becomes challenging.

Nevertheless, we can overcome such limitations through the proton detection method.
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The 2D 'SN-'H dipolar coupling/'H CS correlation spectrum of naturally abundant
MLF is depicted in Figure 6. The experiment was recorded on a spectrometer operating
at the '"H Larmor frequency of 899.4 MHz under 60.096 kHz MAS rate with a large
number of scans (4096) to achieve a good S/N ratio for the low naturally abundant '>N.
Spectral slices taken parallel to the '"N-'H dipolar coupling dimension at the 'H
isotropic shifts of the Leu-NH, Met-NH and Phe-NH groups of MLF shows well
separated dipolar singularities (Figure 6). The '>N-'H dipolar powder coupling powder
lineshape fitting from the SIMPSON software resulted in 10.3 and 10.0 Hz and 10.3
kHz, and the corresponding NH distances of 1.057 A, 1.068 A and 1.057 A for the Leu-
NH, Met-NH and Phe-NH groups, respectively. The '’N-'H dipolar coupling constants
for Leu-NH and Met-NH obtained for naturally abundant MLF agree well with the
results from the U-'SN/!3C MLF. The total experimental time (~ 4.55 days) to record
the 2D '>N-!H dipolar/'H CS correlation experiment is on a higher side and may act as
a limitation of this approach for the naturally abundant samples. Nevertheless, a rapid

repetition delay in biological solids may be achieved by a paramagnetic dopant [19].
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Conclusion

To summarize we have proposed a proton-detected 2D ’N-'H dipolar coupling/'H CS
experiment recorded using a windowless C3} -ROCSA-based DIPSHIFT pulse

sequence for the measurement of short >N-'H distances at fast MAS in a strongly
coupled network of the proton spins. In the proposed method the '>N-'H heteronuclear
dipolar couplings are reintroduced without distortion and the dipolar coupling powder
lineshapes are devoid of contributions from the '"H CSA, the 'H-'H homonuclear dipolar
interactions, #1 noise, relaxation, multi-spin (in the absence of long-range NH
couplings) and higher-order effects. The '"N-'H distances extracted using the proposed
method are in good agreement with the values reported in earlier literature. We believe
the proposed method has every potential to become a method of choice to accurately
measure '"N-'H distances and to probe local molecular dynamics in more complex

biological systems at fast MAS.
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Figure 1: Proton-detected 2D windowless ROCSA-based DIPSHIFT pulse sequence

for the measurement of NH dipolar couplings/distances through 'N-'H dipolar

coupling/'H CS correlations.
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Figure 2: Two-spin (‘H and '"N) SIMPSON simulations using the y-encoded R-

symmetry-based R16; and R16;-PARS with phase alternating 180° pulses, and the

proposed windowless C313-ROCSA-based DIPSHIFT pulse sequences to depict the

role of unwanted '"H CSA in the recoupled heteronuclear dipolar interactions under the
5N evolution. The simulations were carried out without (green) and with '"H CSA = -
16.0 ppm and 7 = 0.0 (brown) and # = 1.0 (blue) under the MAS rate of 69.832 kHz at
the 'H Larmor frequency of 600 MHz. In all the simulations / (‘*H)- S (*N)- dipolar
coupling strength ( Dy = by /27 = —1,7,¥sh/87° ) was 10 kHz, and the 'N-'H
dipolar and the '"H CSA principal axis system (PAS) angles were (0, B4ip=30°, 0) and
(0, 0, 0), respectively.

26



U-"*N L-His.HCI.H,0 +

3

[

@
+
+ -
NH “<%
(A2)

(A1)

+

w )
4 2 0 -2 -4

4 2 0 -2
>N H Dipolar Coupling (kHz)

-4

-2

2

4

19 17 15 13 11 9 7
"H Chemical Shift (ppm)

SNIH Dipolar Coupling (kHz)
0

'
A

U-*N/™®C MLF

@
&
F
[
0

2 -4

2

4

12 10 8 6 4
"H Chemical Shift (ppm)

"SN!H Dipolar Coupling (kHz)
0

(B1) (B2) (B3)
Leu-NH M Phe-NH
4 2 2 4 4 2 0 2 4 4 2 0 2 4

'>NH Dipolar Coupling (kHz)

Figure 3: Chemical structures and 2D 'N-'H dipolar coupling/!'H CS correlation
spectra of U-N L-His. HCLH20 (A) and U-'*N/'*C MLF (B) recorded by
implementing the windowless C3}-ROCSA-based DIPSHIFT pulse sequence at the 'H
Larmor frequency of 600 MHz under 69.832 kHz MAS rate. One-dimensional (1D)
projections of the dipolar/CS correlation spectra are shown onto their respective 'H
chemical shift axes. Below the 2D N-'H dipolar coupling/'H CS spectra shown are
the experimental (green) '"N-'H dipolar powder lineshapes extracted from the 2D

dipolar coupling/CS correlation spectra of U-'>N L-His.HC1.H20 [NH* (A1), NH (A2)]



and U-1°N/"*C MLF [Leu-NH (B1), Met-NH (B2), Phe-NH (B3)]. The 'SN-'H dipolar
coupling powder lineshapes were extracted by taking spectral slices parallel to the NH
dipolar-recoupling dimension of the 2D '"N-'H dipolar coupling/'H CS correlation
spectra at respective 'H isotropic chemical shifts. Best-fitted simulated 'N-"H dipolar
coupling powder lineshapes using a two-spin ('"H-'°N) model from the SIMPSON

software are shown in brown.
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Figure 4: Effect of the rf amplitude mismatch on the "N-'H dipolar coupling powder
lineshape of NH* and NH groups of imidazole ring of U-'"N L-His.HCL.H20 extracted
from the 2D 'SN-'H dipolar coupling/'H CS correlation experiments using the
windowless C3} -ROCSA-based DIPSHIFT pulse sequence at the 'H Larmor
frequency of 600 MHz under 69.832 kHz MAS rate. The color scheme in the figure
depicts the variation of the 'H rf amplitudes (green: 80%, brown: 84%, blue: 88%,
purple: 92%, light blue: 96% and magenta: 100%) of the symmetry pulses. The
calculated 'H B field (4vr (here vr is the MAS rate) = 279.3 kHz) is equal to 92%
(vertical lines) of the 'H rf field strength obtained from the calibration plot (Figure S6

of the supporting information).
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Figure 5: Role of variable MAS rates [29.976 (black), 40.064 (green), 50.000 (brown),
60.096 (blue) and 69.832 (purple) kHz] on the '"N-'H dipolar coupling powder
lineshape of imidazole’s ring NH™ and NH groups of U-'N L-His.HCL.H20. The
recoupled powder lineshapes are extracted from the 2D '>N-'H dipolar coupling /'H CS
correlation experiments using the windowless C3;-ROCSA-based DIPSHIFT pulse

sequence at the 'H Larmor frequency of 600 MHz. Recoupled signals were obtained at
every 3z (m: rotor period) for the MAS rates 29.976 (black) and 40.064 (green) kHz,
and at every 6z for the MAS rates 50.000 (brown), 60.096 (blue) and 69.832 (purple)
kHz.
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Figure 6: Two-dimensional (2D) '’N-'H dipolar coupling/'H CS correlation spectrum
(left panel) of naturally abundant MLF recorded by implementing the windowless C 3;

-ROCSA-based DIPSHIFT pulse sequence at the 'H Larmor frequency of 899.4 MHz
under 60.096 kHz MAS rate. The 2D >N-'H dipolar coupling/'H CS correlation
experiment was collected using a recycle delay of 3 s and 32 # time point increments
for every 4096 transients. Recoupled signals were obtained at every 37 (z:: rotor period)
at the rf field strength 240.4 kHz. One-dimensional (1D) projection of the dipolar

coupling/CS correlation spectrum is shown onto 'H CS axis. Experimental (green) '"N-
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'H dipolar coupling powder lineshapes extracted by taking spectral slices parallel the
NH dipolar-recoupling dimension of the 2D *N-"H dipolar coupling/'H CS correlation
spectrum at the proton isotropic chemical shifts of Leu(L)-NH, Met(M)-NH and
Phe(F)-NH resonances are depicted in the right panel. Simulated best-fitted '"N-"H
dipolar coupling powder lineshapes using a two-spin model from the SIMPSON
software are shown in brown. All the simulations were carried out with REPULSION
678 (a, p) crystallite orientations and 60 y-angles. A single exponential function with a
line broadening of 150 Hz was applied before the real Fourier transform of the dipolar

modulated time domain data.

32



