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Physical Chemistry Chemical Physics

Abstract

Detecting proton and nitrogen correlation in solid-state nuclear magnetic resonance (NMR) is important
for the structural determinations of biological and chemical systems. Recent advances on proton-
detection at fast magic-angle spinning approaches have facilitated the detection of *H-*N correlations
by solid-state NMR. However, observing remote 'H-“N correlations by these approaches is still a
challenge, especially for 14N sites having large quadrupolar couplings. To address this issue, we introduce
the 'H-*N overtone continuous wave rotational-echo saturation-pulse double-resonance (*H-1*N OT
CW-RESPDOR) sequence. Unlike regular 2D correlation experiments where the indirect dimension is
recorded in the time domain, the H-*N OT CW-RESPDOR experiment is directly observed in the
frequency domain. A set of 'H-*N OT CW-RESPDOR filtered 'H spectra is recorded at varying *N OT
frequency. Thanks to the selective nature of the *N OT pulse, the filtered H spectra appear only if 4N
OT frequency hits the positions of *N OT central band or one of the spinning sidebands. This set of
filtered 'H spectra represents a 2D 'H-N OT correlation map. We have also investigated the
optimizable parameters for CW-RESPDOR and figured out that these parameters are not strictly needed
for our working magnetic field of 14.1 T. Hence, the experiment is easy to setup and requires almost no
optimization. We have demonstrated the experimental feasibility of 'H-*N OT CW-RESPDOR on
monoclinic L-histidine and L-alanyl L-alanine. The remote 'H-*N correlations have been efficiently
detected no matter how large the *N quadrupolar interaction is and agree with the crystal structures. In
addition, based on the remote 'H-1“N correlations from the non-protonated *N site of L-histidine, we

can unambiguously distinguish the orthorhombic and monoclinic forms.
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1. Introduction

Proton and nitrogen present in various biological and chemical systems, thus detecting their correlations
can reveal crucial structural information. While proton-nitrogen correlation between covalently bonded
NH pair provides direct assignment of NH proton, long-range NH correlation is crucial for sequential
assignments and structural analysis. The notable example is found in HMBC to probe multi-bond
correlations in solution NMR?! and *H-detected HETCOR with long contact time to probe spatial proximal
nuclei in solid-state NMR2. Although >N is widely used in nuclear magnetic resonance (NMR) due to its
simplicity of spin-1/2, poor sensitivity owing to small natural abundance of >N (<0.4%) prevent >N NMR
from daily observation. On the other hand, despite the high natural abundance of *N (>99.6%), the
direct detection of '*N is considered difficult. This is because *N has a quadrupolar moment and spin-1.
Owing to these characteristics, the fundamental transitions of *N are severely broadened by the
guadrupolar interaction, causing the dramatic loss of sensitivity. Two independent groups had broken
the barrier and paved a way to *N NMR using an ingenious idea of indirect detection via a handier spin-
1/2, such as 13C3-> or 1H%1°, The most common method to observe correlation between *H and 1N is the
two-dimensional *H/{**N} dipolar-based heteronuclear multiple quantum coherences (2D D-HMQQC)
experiment at fast magic-angle spinning (MAS) condition (vg 2 50 kHz, where v represents the MAS
frequency)!. Several *N excitation/reconversion schemes!?>'® or de-/recoupling sequences®22 have
been studied to improve the performance of D-HMQC. Other methods have also been developed, such
as double cross-polarization (DCP)?* and TRAPDOR-HMQC (or T-HMQC)?*-26, D-HMQC, DCP, and T-HMQC
experiments have found applications on many biological, chemical, and pharmaceutical solids?’-3¢,

The detection of one-bond *H-*N correlation by the three experiments above is simple and highly
efficient. It typically takes only several minutes to hours. However, it is still a challenge to observe
remote H-*N correlations, especially for *N having a large quadrupolar coupling (Cy) due to a poor
efficiency. We take an example of correlations among 'Hs and a non-protonated N site of L-histidine
compound (Cq of about 3 MHz). For T-HMQG, it fails to detect these correlations?*. For D-HMQC, the
detection is feasible provided that long recoupling time is used because the non-protonated *N site is
remote to H sites, thus small *H-1*N dipolar couplings. However, the price to pay is the loss of sensitivity
owing to the relaxation decay (T,’) during *H-1*N dipolar recoupling blocks, making experiments lengthy.
For DCP, remote H-*N correlations were observed for L-histidine??; however, the use of long contact
time (up to 6.4 ms) generated relayed *H-'*N correlations within the compound due to the spin diffusion

among Hs during spin-lock®’. This is of impractical use for structural investigations. In addition, these
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three methods require demanding optimizations with a prior knowledge of N shifts. Even knowing *N
shifts, additional point needs to be considered for D-HMQC. We assume a system with two %N sites. The
on-resonance offset on one N site causes a null signal for the second site when their *N shift
difference is one-fourth of vg (vg /4)3%. This is caused by the non-zero evolution period for the first t;
point to achieve rotor-synchronous **N pulses.

To address these difficulties, we present a new method for detecting remote 'H-*N correlations
with 'H-*N overtone continuous wave rotational-echo saturation-pulse double-resonance (*H-*N OT
CW-RESPDOR) sequence®!, The RESPDOR sequence have been widely used to detect the spatial
proximity/interaction between H and a quadrupolar nucleus such as *N*243, 63Cu%4, 65Zn%5, 71Ga*, 7°Br*’,
and ®>Mo*8. Here we use the N OT (|Am| = 2) transitions**> instead of the fundamental *N transitions
(|Am| = 1), where m denotes the energy level. A number of methods for detecting 'H-*N OT
correlations have been studied®®>°. The main advantage of N OT is devoid of the first-order
guadrupolar interaction. However, the relatively low sensitivity is an issue due to the small transition
probability of *N OT. Furthermore, the limited bandwidth of *N OT prevents the simultaneous

detection of *H-*N OT correlations when a system consists of more than one N site. In the current

experiment, a set of *H-*“N OT CW-RESPDOR filtered 'H spectra is recorded at varying *N OT frequencies.

Such frequency sweep approach was used to indirectly record the 2’Al spectrum for zeolites with *H/?’Al
TRAPDOR® and REAPDOR®!. However, the unique feature of 'H-1*N OT CW-RESPDOR is that the limited
bandwidth of *N OT pulses leads to selective observation of 'H signals in the vicinity of on-resonant *N
OT species. The arrayed *H spectra give 2D *H-1*N OT correlations. The details of the working principle of
the approach and its advantages over the existing sequences are discussed. Herein, we demonstrate the
applicability of our method on the two stable crystalline forms of L-histidine compound: orthorhombic
(Hist-A) and monoclinic (Hist-B) as well as L-alanyl L-alanine (AlaAla). The C, values of the three samples

are in 1 —4 MHz range.

2. Pulse sequence description

Fig. 1 presents the *H-1*N OT CW-RESPDOR sequence. The tH-1%N dipolar coupling, recovered by the SR4
recoupling block?®, is refocused by the 'H m pulse in the middle of the sequence without a N OT
irradiation, giving Sy signal. However, the refocusing is prevented with a *N OT irradiation. It introduces
the dipolar dephasing or RESPDOR/REDOR decay, giving S’ signal. The signal difference (S, — S’) measures

the extent of the RESPDOR effect. Our sequence works by recording S, once as S, is immune to the *N
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OT frequency but recording S’ at each *N OT shift for the filtered H spectra (So — S’). It should be
mentioned that the effect of long-term instability can be reduced by collecting S, and S’ alternatively.
This doubles the measurement time but can lead to less t;-noise. While we use the same number of
scans to record both Sy and S’ throughout the work, the ratio of number of scans may be optimized to
maximize the sensitivity per unit of time. Thanks to the selective nature of the *N OT pulse, the
RESPDOR effect or the (Sq — S’) signal is appreciable only when the *N OT frequency is close to either
central band or spinning sidebands (SSBs) of the *N OT peak of interest. By collecting these filtered *H
spectra, we obtained a 2D correlation map, where the horizontal axis shows the H spectrum while the
vertical axis shows an array of *N OT shifts with the corresponding (S, — S’) intensities. It should be
noted that the success of our method is completely based on the limited bandwidth of the *N OT pulse.
Our method offers a number of advantages compared to D-/ T-HMQC and DCP. First, shorter
recoupling time (t.i) is needed to detect a remote *H-*N correlation using N OT as compared to N.
This is because RESPDOR signals with the *N OT frequency dephase two-times faster than that with the
fundamental “N frequency®2. Such shorter t,, helps to reduce the relaxation decay, thus promoting
remote H-“N correlations with improved sensitivities. Second, unlike DCP, 'H-1*N relayed correlations
are avoided because *H-'H spin diffusion is well suppressed during *H-*N SR4 recoupling. Third, the prior
knowledge on N shifts for optimization is not required. Different from D-HMQC, DCP, and T-HMQC
experiments where the experimental setup and optimization heavily depend on the N shift, our
method is free from this dependence because the *N OT shift is varied. The optimizable parameters for
CW-RESPDOR are 1, and 1w, but we show later that their optimizations are not strictly needed. Fourth,
D-HMQC and CW-RESPDOR allow the detection of remote 'H-**N correlations even in the presence of
close correlations since SR4 is immune to the dipolar truncation, unlike T-HMQC. Fifth, to get the
absorption lineshapes in the 2D spectrum, we must phase the indirect dimension in D-HMQC

experiment due to the non-zero initial t; evolution time, whereas this is unnecessary for CW-REPSDOR.
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Figure 1. 'H-*N OT CW-RESPDOR experiment. S, signal is only recorded once without a N OT
irradiation whereas S’ signals are recorded with each *N OT shift. A filtered H spectrum at a specific **N
OT shift is obtained by the signal difference (S, — S’). A set of filtered 'H spectra at varied *N OT shift is
collected for a 2D correlation map. The phase cycling is ¢, = {3(0), 3(120), 3(240)}; @, = @3 = 0; ¢4 = {0,
120, 240}; s = 0; @.q = {0, 240, 120, 240, 120, 0, 120, 0, 240}; the unit is degree (°).

3. Experimental

L-histidine powder was purchased from Wako Pure Chemical Industries Ltd., Japan. Hist-A and Hist-B
were prepared as reported®. AlaAla was purchased from Sigma-Aldrich and used as received. The
samples were separately packed into 1.0 mm zirconia rotors. The rotors were subsequently inserted into
the 1 mm 'H/X double-resonance probe for spinning at a vz of 62.5 kHz. All NMR experiments were
recorded at an ambient temperature on JNM-ECZ600R (JEOL RESONANCE Inc., Japan) at 14.1 T solid-
state NMR spectrometer. The H, *N, and *N OT Larmor frequencies are 600.0, 43.4, and 86.8 MHz,
respectively. For the highest signal-to-noise ratio (S/N), the *N OT frequency was set at the second SSB
(n =-2), where the “-” sign of n depends on the sense of rotation with respect to the direction of the B,
magnetic field. The *N and N OT shifts are referenced to NH; (liquid), whose *N and N OT shift equal
to 0 ppm or 0 kHz. For the experiment with N, the 'H rf-field was 243 kHz for /2 and m pulses while for
the experiments with N OT, the corresponding value was 313 kHz. The H rf-field for the SR4%
recoupling sequence was fixed at 2vgz = 125 kHz. The N and **N OT rf-fields were 67 and 125 kHz,
respectively. Note that *N OT rf-field strength was calibrated using the heteronuclear Bloch-Siegert
shift®, thus the field strength represents the nutation rate of the virtual nucleus with the Larmor
frequency of twice of the *N fundamental transitions. The recycling delays for both Hist-A and Hist-B
were 5 s while that of AlaAla was 2 s. Additional experimental parameters are given in the figure

captions.

4. Results and Discussions

4.1. 'H/A'N} D-HMQC experiment
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Fig. 2a shows the 2D H/{*N} D-HMQC spectrum of Hist-B acquired at 1., of 1.536 ms (8 loops of SR4
recoupling block). The remote H6-N7 and H8-N7 correlations are clearly observed. On the other hand,
the correlation between H6 and N5, which is the non-protonated “N site, is detected but it is negligible
compared to the others, whereas the H8-N5 and NH3-N5 correlations are hardly seen. We note that the
correlations of H6-N7 (distances: 1.90 and 3.33 A) and H8-N7 (distances: 2.07 and 3.13 A) are much
stronger than the H6-N5 (distances: 2.01 and 3.11 A) despite their similar corresponding intra- and
intermolecular distances. This is because of the rather small Cq of N7 than that of N5 (shown later),
causing higher excitation efficiency for the N7 site. To assess the relative intensity of the N5 site with
respect to other 14N sites, we extract the 1N slices at, 9.6 ppm (NH;), and 6.5 ppm (H6) (vertical line in
Fig. 2a) and show them in Figs. 2b and c, respectively. In Fig. 2c, the N5 peak is visible but its intensity is
weak compared to N7 as discussed above. In Fig. 2b, the N5 peak is still recognized although it is
comparable to the noise level. Besides different Cy values, the much weaker intensity of N5 peak is also
due to the longer NH;-N5 distances as compared to the bonded H-N for NH; site. We additionally
performed *H/{**N} D-HMQC at 1, of 0.768 ms, 1.152 ms, and 2.304 ms (corresponding to 4, 6, and 12
loops of SR4) but the intensities of N5 peak only show minor variations (see Fig. S1). In short, the regular
H/{**N} D-HMQC experiment is inefficient to detect remote 'H-*N correlations for 1N site having a

large quadrupolar coupling.

a) "H/{**N} D-HMQC b) 9.6 ppm c) 6.5 ppm
NH,
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Figure 2. Hist-B: a) the 2D *H/{**N} D-HMQC spectrum, recorded with 128 scans, 64 t; points, and rotor-

synchronized t; increment of 16.0 ps. The N (offset and pulse length) and 1., were set to (450 ppm
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and 7 ps) and 1.536 ms, respectively. The experimental time was about 22.7 hour. The States-TPPI
method was employed for the quadrature detection along the indirect dimension®. b,c) The extracted
14N slices at 'H chemical shift of b) 9.6 ppm (NH;) and c) 6.5 ppm (H6) (vertical lines in a)). For a), the
chemical structure of Hist-B is presented inside the 2D spectrum. The positive contour signals are

presented in black while the negative ones are presented in red.

4.2. 'H-""N OT CW-RESPDOR experiment: Hist-B

Addressing the issue of H/{**N} D-HMQC with remote 'H-1“N correlations for the non-protonated N5
site, we performed the 'H-*N OT CW-RESPDOR experiment. It is worth noting how we estimated a
suitable T, For a bonded N-H pair with a typical distance of 1.0 A, the !H-N OT rotational-echo
double-resonance (REDOR) fractional curve reaches maximum at t,,;, of 0.192 ms (1 loop of SR4). We
note here that the working principles of REDOR and RESPDOR for *N OT are the same; thus, they can be
interchangeable. For a non-protonated N site, the distance to the nearest H is typically about 2.0 A,
which requires t,,x 8 times longer because the dipolar coupling is inversely proportional to the cube of
the internuclear distance. This corresponds to T, of 1.536 ms (8 loops of SR4). To compromise between
the signal intensity and the relaxation decay, we halved t, to 0.768 ms (4 loops of SR4). Such
estimation strategy is nearly sample-independent, thus almost lifts the optimization for .

Fig. 3a shows the *H-*N OT correlation map of Hist-B acquired at T, of 0.768 ms (4 loops of SR4)
and 1y of 0.128 ms. We clearly observe the *H-1*N correlations of the N5 site including NH;-N5, H6-N5,
and HB8-N5. It should be noted that even the H8-N5 correlation where the closest intermolecular
distance is 2.69 A as well as the NH3-N5 correlation appear. We remind that these two correlations are
hardly seen in D-HMQC above despite the experimental time of up to 23 hours. These remote
correlations to the non-protonated N5 site are consistent with the crystal structure. In order to evaluate
the detection efficiency, we extracted the N OT shift array at *H chemical shift of 6.5 ppm (H6, vertical
line in Fig. 3a) and compared its relative intensity with the N slice in Fig. 2c. We note that it is not
straightforward to make a fair comparison between D-HMQC and RESPDOR experiment since the
efficiency of 'H-1“N polarization transfer/dephasing highly depends on the employed recoupling times,
1H-N dipolar interaction, *N quadrupolar interactions as well as the relaxation time of different spins.
This makes the comparison somewhat qualitative. We scaled the intensity of the extracted *N OT shift
array so that its noise is comparable to that of #N slice for the ease of comparison. Furthermore, we

acquired the **N and *N OT spectra with similar resolution, namely about 22.5 ppm (64 points in 62.5

8
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kHz bandwidth) and 20 ppm, respectively. With four times zero-filling used in the H/{**N} D-HMQC
processing while no zero-filling for *N OT spectrum since no Fourier transform is applied, the
corresponding N slice appears more points than that of *N OT. Nevertheless, the intrinsic resolutions
between these spectra are comparable. Fig. 3b shows that, for the non-protonated N5 site, the absolute
intensity of N OT (up) is higher than that of *N (down). Notably, the experimental time for CW-
RESPDOR is only 0.7 hours, which is about 33-fold shorter than the D-HMQC experiment in Fig. 2. In
contrast, for N7 site, its linewidth is broader as compared to that of 1N slice. As a result, the absolute
peak height of *N OT is lower despite the comparable integral intensity. Indeed, higher absolute
intensity and narrower linewidth for *N OT of N7 can be achieved with the use of longer t¢y, as shown
in the following section. It is worth noting that for the sufficient detection efficiency, we recommend to
use the N OT rf-field with full strength (100 %); otherwise, the detection efficiency is low or even non-
detected (see Fig. S4).

Quantitative distance information is encoded in the spectral intensities. In fact, H-1*N OT CW-
RESPDOR/REDOR experiment is originally introduced to measure internuclear distances between 'H and
14N, The fraction values (1 — S’/S,) are 0.17 for H7-N7, 0.14 for NH3-NHs;, 0.07 for NH5-N5, 0.11 for H6-N7
and 0.13 for H6-N5 (as shown by numbers besides these cross peaks in Fig. 3a). Although these values
give qualitative measure of internuclear distances, full fraction curve to t,,, allows precise determination
of distances. Indeed, 3D *H-'*N dipolar/**N OT/*H correlation experiment can easily be conducted by

observing CW-RESPDOR spectra with incrementing .
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Figure 3. Hist-B: a) the 2D 'H-*N OT correlation map by the CW-RESPDOR experiment. While 7., and Ty
were fixed at 0.768 ms and 0.128 ms, respectively, the *N OT offset was incremented from -1600 to -
500 ppm with a step of 20 ppm. The number of scans was 9, thus the experimental time is 0.7 hours.
The vertical axis on the far left presents the corresponding N OT shift at the central band (n = 0). The
small number besides each cross peak denotes the (1 —5'/S,) value. b) Comparison between the relative
intensity of *N OT shift array (up) extracted at 'H chemical shift of 6.5 ppm (vertical line in a)) and the
14N slice taken from Fig. 2c (down). The intensity of the *N OT shift array was scaled so that the noise is

comparable to that of the 1N slice.

The spectrum in Fig. 3a was obtained with a *N OT increment step of 20 ppm for similar resolution
with N spectrum in the D-HMQC experiment. A question arise here is whether this step is sufficient to
well define N OT shifts. The N OT excitation bandwidth for a regular D-HMQC experiment can be
described as 0.4/t¢°. Although our experiment is not D-HMQC, we expect similar relationship on the
excitation bandwidth. With 1y = 0.128 ms, the *N OT bandwidth is 3.125 kHz or 36 ppm; hence, a step
of 20 ppm should be sufficient. To experimentally check the sufficiency, we performed the 'H-*N OT
filtered CW-RESPDOR experiment with identical experimental conditions as Fig. 3 except a narrower N
OT shift step of 5 ppm. Despite different increment step, similar *N OT shift positions and linewidths for
three N sites of Hist-B are observed (see Fig. S2). This confirms that the increment step of 20 ppm can
sufficiently define the *N OT shift positions at least for this particular sample. Because the *N OT shifts
in Fig. 3a are obtained at the second SSB (n = -2), we calculate the *N OT shifts at the central band (n =
0) for the ease of comparison (the far left vertical axis in Fig. 3a). Such value should be equal to the **N
shift in ppm. This is verified by comparing *N and shifted *N OT spectra in Fig. 3b, confirming that the
1N OT shifts are accurately determined. In addition, the quadrupolar product (Py) can be determined.
We subtract the N OT shift at the central band (n = 0) to the *N isotropic chemical shift (taken from

CPMAS). The shift difference is the *N quadrupolar induced shift and is given by?°:
A = (3/40)(Pefvy)” x 10 (1)

where A and v, denote the shift difference (in ppm) and the *N Larmor frequency, respectively, whereas

Pq is the quadrupolar product and is given by:

10

Page 10 of 22



Page 11 of 22

Physical Chemistry Chemical Physics

where Cq and nq denote the quadrupolar coupling constant and the quadrupolar asymmetry parameter,
respectively.

Table 1 compares the calculated N Pq(s) from our work with experimental Pq in the literature®®.
These values are in good agreement, confirming again the accuracy of *N OT shifts; or in other words,

the validity of the *H-*N OT CW-RESPDOR experiment.

Table 1. Hist-B: comparison between calculated N Pq(s) and those in the literature (unit: MHz).

Calculated Pq Experimental Pq (*)
N7 1.55 1.62
NH; 1.28 1.31
N5 3.30 3.37

*: only Cq and nq were provided in the previous work®. The experimental P was calculated by Eq. 2

4.3. Effect of *“N OT CW pulse length

Our previous work showed that 1, directly affects the saturation/inversion extent of N OT in CW-
REDOR experiment; hence, S’ and (S, — §') intensities depend on tw®2. To further examine such
dependence, we performed four 2D 'H-*N OT CW-RESPDOR experiments at t¢y of 0.064, 0.128, 0.192,
and 0.256 ms (2D spectra in Fig. S3). We note here that the S, and S’ signals are alternatively collected at
every N OT frequency to reduce the t;-noise that is associated with long term stability despite doubling
the experimental time. Fig. 4 shows the *N OT shift array of N7 (a), NH; (b), and N5 (c) extracted from
the corresponding H of 14.3 ppm (H7), 9.6 ppm (NHs), and 6.5 ppm (H6) (vertical lines in Fig. S3) at
different tcyw. Notably, we observe in Fig. 4 that the (Sy — §’) intensities for N7 and NHj; still increase at
longer tew Whereas that of N5 reaches maximum at 7oy of 0.128 ms. The REDOR effect is maximized
when the *N OT pulse is an inversion pulse; hence, the behaviors of different N sites with respect to tcy
can be explained by the flip angle. Because the flip angle depends on the quadrupolar coupling via the
nutation field, our explanation can rely on Pq. Since N7 and NH; have similar Pq (see Table 1), their *N
OT nutation fields, thus flip angles, are also similar. On the other hand, the larger Pq of N5 than those of
N7 and NH; generates stronger nutation *N OT field; thus, it needs shorter .y for achieving an

inversion, leading to the highest (S, — ') intensity. We have to remind that the *N OT nutation field is

11
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not only proportional to the size of quadrupolar coupling but also inversely proportional to the Larmor
frequency. This means that the optimal tcy also depends on the B, magnetic field. Because Hist-B
consists of three N sites with different Pq, the optimum t¢y for each site is different from each other.
Hence, for sufficient (S, — ') intensities for all three sites with *N P, ranging between 1 — 4 MHz, the Ty
should be around 0.128 or longer than 0.256 ms at a magnetic field of 14.1 T. However, it is advisable to
use the 1oy values between 0.128 and 0.192 ms that is optimal for *N sites with Pq = 3 — 4 MHz,
whereas the N sites with smaller P are also clearly observed under this condition despite the reduced
intensities. This important result indicates that the optimization of .y is not strictly required for our
working system. Nevertheless, we recommend to conduct the optimizations once using a standard
sample like Hist-B at the working By and B, magnetic fields.

Next we consider the full width at half maximum (FWHM). The linewidth can be described as a
convolution of natural linewidth and excitation bandwidth. The natural linewidth of N OT is mainly
governed by the second-order quadrupolar broadening that is proportional to the square of Pq.
Therefore, we observe a narrower FWHM for a smaller Pq at the fixed ¢y as shown in Fig. 4. The N OT
excitation bandwidth is inversely proportional to 7y, explaining why we also observe a narrower FWHM
for a longer 1y at a specific N site in Fig. 4. Understanding the effect of t¢y on the intensity and FWHM,
we then go back the N OT linewidth of N7 in Fig. 4. With Pq of 1.5 MHz, higher intensity and narrower
1N OT linewidth can be achieved at longer t.y. The spectral width (FWHM of 45 ppm with .y of 0.256
ms, see Fig. 4a) is approaching that of *N (FWHM of 24 ppm, see Fig. 2c).

12
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0.064ms 0.128 ms 0.192 ms 0.256 ms

a) N7 3.9 kHz

5.0 kHz
8.3 kHz
10.9 kHz

41000 1300 -1000 -1300 -1000 -1300 -1000 -1300
b) NH; 3.5 kHz

5.0 kHz
7.3 kHz
10.0 kHz

-1200  -1500 -1200  -1500 -1200  -1500 -1200  -1500

c) N5 9.3 kHz

7.4 kHz
13.9 kHz ;]\”‘:

-600 -1000 -600 -1000 -600 -1000 -600 -1000
N OT shift (ppm) N OT shift (ppm)

Figure 4. Hist-B: the (S, — ') intensities for *N OT shift array of N7 (a), NH; (b), and N5 (c) at tcy of 0.064
ms, 0.128 ms, 0.192 ms, and 0.256 ms (from left to right). Both Sy and S’ were alternatively collected at
every N OT frequency. The remaining experimental parameters were the same and identical to those
in Fig. 3a. The *N OT shift arrays of N7, NH;, and N5 are extracted from the 2D 'H-*N OT spectra at 'H
chemical shift of 14.3 ppm (H7), 9.6 ppm (NH3), and 6.5 ppm (H6) (vertical lines in Fig. S3), respectively.

The number above each peak presents the FWHM.

4.4, 'H/{'“N} D-HMQC and 'H-"“N OT CW-RESPDOR experiments: AlaAla

As stated previously, the remote H6-N7 and H8-N7 correlations are clearly observed while this is not the

case for H6-N5 correlation despite their similar H-N distances. We explained it due to the smaller Pq of

13



Physical Chemistry Chemical Physics

N7 as compared to that of N5 (1.6 MHz and 3.3 MHz, respectively, (see Table 1)). It is expected that
these difficulties often appear, since the typical C, value for the amide NH is about 3 — 4 MHz. To verify
this explanation, we further performed experiments on AlaAla, which consists of two N sites (NH; with
Pq of about 1.3 MHz and NH with P, of about 3.3 MHz).

Fig. 5a presents the 2D *H/{**N} D-HMQC spectrum recorded at T, of 1.536 ms (8 loops of SR4). We
clearly observe weaker signal of remote CH(2)-NH correlation as compared to that of the CH(1)-NH; in
spite of having similar H-N distances (2.00 and 1.97 A, respectively). This is similar to the case of H6-N5
and H6-N7/H8-N7 correlations of Hist-B. Such observation verifies our explanation that the intensity
difference when distances are similar results from Pq values.

To clearly observe the CH(2)-NH correlation with enhanced intensity, we performed the 'H-1*N OT

CW-RESPDOR experiment. Since the Pq of NH is about 3.3 MHz, we set ¢y to 0.128 ms to favor this site

instead of NH; site. Fig. 5b shows the much stronger CH(2)-NH correlation as compared to the CH(1)-NHs.

We note the weakened correlation of CH(1)-NHj; is due to the use of 1y of 0.128 ms. To evaluate the
efficiency of detecting CH(2)-NH correlation between D-HMQC and CW-RESPDOR, we extracted a *N
slice and N OT shift array at 'H chemical shift of 4.9 ppm in Figs. 5a and 5b, respectively (vertical lines),
and compare them together. Again, the *N OT shift array needs to be rescaled so that the noise
between the two are comparable for the ease of comparison. In addition, the intrinsic resolution for 4N
and *N OT dimensions were set to similar each other (22.5 ppm for *H/{**N} D-HMQC and 20 ppm for
1H/{**N OT} CW-RESPDOR). Fig. 5c shows the larger intensity of NH by *H-*“N OT CW-RESPDOR than that
by H/{**N} D-HMQC despite the 17-fold shorter experimental time. In conclusion, 'H-*“N OT CW-
RESPDOR is a preferable method for detecting 'H-*N remote correlations for 1*N site having a large

guadrupolar coupling.
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Figure 5. AlaAla: a) the 2D *H/{**N} D-HMQC spectrum, recorded with 144 scans, 32 t; points, and rotor-
synchronized t; increment of 32.0 pus. The N (offset and pulse length) and 1., were set to (350 ppm
and 9 ps) and 1.536 ms, respectively. The experimental time was about 5.1 hour. The States-TPPI
method was employed for the quadrature detection along the indirect dimension®. The chemical
structure of AlaAla is presented. b) the 2D 'H-1*N OT correlation map by the CW-RESPDOR experiment.
The experimental conditions were identical to those in Fig. 3a except the recycling delay of 2 s. The
experimental time is 0.3 hours. The vertical axis on the far left presents the corresponding N OT shift at
the central band (n = 0). ¢c) Comparison between the absolute intensity of *N OT shift array (up) and the
14N slice (down), all extracted at 'H chemical shift of 4.9 ppm (vertical lines in a,b)). The intensity of the

1N OT shift array is scaled so that the noise is comparable to that of the '*N slice.

4.5. Application

In this section, we performed *H-*N OT CW-RESPDOR experiment to distinguish Hist-A and Hist-B. In a
previous work, the regular *H/{**N} D-HMQC experiment failed to distinguish these two polymorphs as
their 2D spectra are similar®3.

Figs. 6a and 6d show the intermolecular locations of His-A and Hist-B for the shortest H8-N5
distances (3.09 and 2.69 A), respectively. Figs. 6b and 6e show the H single-pulse spectra whereas Fig.
6c and 6f show the corresponding 2D H-“N OT correlation maps for His-A and Hist-B, respectively. On

top of the 2D spectra are the 1D 'H spectra extracted at the non-protonated *N OT at -760 ppm (dashed
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lines in Figs. 6¢c and 6f). By comparing these two 'H spectra with the corresponding 'H single-pulse
spectra in Figs. 6b and 6e, we observe that for Hist-A, only H6 correlates to N5 whereas for Hist-B, both
H6 and H8 correlate to N5. These correlations are consistent with the crystal structures of both
polymorphs. Such different correlations of *Hs to the non-protonated N5 site unambiguously distinguish

these two polymorphs.
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s |
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w
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Figure 6. Hist-A (left) and Hist-B (right): a,d) intermolecular locations for the shortest H8-N5 distance.
The blue, grey, violet, and red atoms denote proton, carbon, nitrogen, and oxygen, respectively. b,e) The
IH single-pulse spectra and c,f) the 2D *H-**N OT correlation maps. On top of the 2D spectra in (c,f) are
the 1D H spectra extracted at 1*N OT shift of -760 ppm (the dashed lines) for comparing with *H spectra
in (b,e), respectively. The experimental conditions were identical to those in Fig. 3a. The H6 and H8
chemical shifts are presented by the vertical lines in (c,f) and the *N OT shift at the central band (n = 0)

is presented by the axis in the far left in c).

5. Conclusion
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We have demonstrated an approach to detect *H-*N remote correlations even when *N site has a large
quadrupolar coupling by the *H-*N OT CW-RESPDOR experiment on Hist-B and AlaAla. The obtained 2D
spectrum provides (i) one-bond and remote !H-*N correlations, which allows the structural
investigations and (ii) the second SSB *N OT shifts, which allows the calculations of the *N shifts, thus
the N P values. The correlations of H to the non-protonated N site help unambiguously distinguish
the two polymorphs His-A and His-B. We have presented a sample-independent estimation of 7, for
the efficient detection of 'H-1*N remote correlations. We have also investigated the effect of 1. It has
shown that for a system where N P, ranges between 1 — 4 MHz, Ty should be set between 0.128 —
0.192 ms at the magnetic field of 14.1 T and rf-field strength of 125 kHz. These t.w values provide
sufficient intensity for *N site with P of 3 — 4 MHz while N site with smaller P, (about 1 MHz) appears
with reduced intensities. The results on 1, and Ty have made our experiment easy to implement since
almost no optimization is required. This experiment will potentially find many applications in biology,

chemistry, and pharmacy field.
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