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ABSTRACT: Approximately 40% of bacterial and mammalian metabolites contain nitrogen-based chemical moieties such as 
amides, amines, and imines. The identification and quantification of these groups via 2D 1H,15N heteronuclear NMR spectroscopy 
have broadened the catalog of NMR-detected metabolites. However, these NMR experiments necessitate broadband radiofrequency 
(RF) pulses for inversion and refocusing operations to encompass the full range of 15N chemical shifts, a challenge that becomes 
increasingly apparent at high and ultra-high magnetic fields. Here, we show that a newly AI-designed broadband 15N universal 180o 
pulse for both inversion and refocusing incorporated in the 2D 1H, 15N heteronuclear single quantum coherence (2D 1H-15N BB-
HSQC) experiment significantly enhances spectral sensitivity. We demonstrate the advantage of the new technique by analyzing the 
crude extract of Micromonospora sp. WMMC264, a microbial strain that produces siderophores for iron absorption from the 
environment. The implementation of the AI-designed pulse in the 2D 1H-15N BB-HSQC experiment will contribute to advancing the 
analysis of nitrogen-containing metabolites in biological fluids and cell extracts.

INTRODUCTION 
Isotopic labeling has significantly enhanced the repertoire of 

metabolites available for tracing microbial and mammalian 
metabolism.1-2 Notably, cultures of bacteria labeled with 15N have 
facilitated the identification of nitrogen-bearing chemical moieties, 
including functional groups such as amides, amines, and imines.3-5 
These chemical moieties are found in a range of compounds, from 
low-molecular-weight molecules such as hormones, amino acids, 
neurotransmitters, antioxidants, and osmolytes, to larger 
biomacromolecules and their complexes.5 It has been estimated that 
more than 40% of metabolites contain nitrogen-bearing chemical 
moieties.5 However, many of the NMR experiments designed for 
15N detection are primarily geared towards structural biology and 
are inadequate for thorough metabolite analysis. In particular, the 
detection of 15N labeled metabolites requires broadband RF pulses 
to perform operations such as magnetization inversion and 
refocusing over a large 15N chemical shift breadth. To overcome 
this hurdle, we utilized the GENETICS-AI (or GENErator of 
TrIply Compensated RF pulSes via Artificial Intelligence) 
software6-7 and designed a universal 180o pulse able to cover the 
entire 15N bandwidth for both inversion and refocusing operations. 
The GENETICS-AI pulses are highly compensated for field 
inhomogeneity and possess high-fidelity operation across the 
irradiated bandwidth.6 We modified the basic heteronuclear single 
quantum coherence (HSQC) experiments implementing our 
universal 180o pulse and analyzed the crude extract of 
Micromonospora sp. WMMC264, a microbial strain that produces 
siderophores for iron absorption from the environment.8 
Specifically, we compared three 2D 1H,15N HSQC experiments 
implemented with commonly used refocused and inversion pulses 
with our variant implemented with the GENETICS-AI designed 
pulses. We found that the signals of the metabolites from the crude 
microbial extracts acquired with our new universal 180o pulse are 
significantly more intense than those obtained with the commonly 
used broadband pulses. The implementation of the GENETICS-AI 
pulses into the 2D 1H-15N HSQC sequence will advance the 

analysis of nitrogen-containing metabolites in biological fluids and 
cell extracts .

EXPERIMENTAL SECTION
Bacterial Fermentation. To make artificial seawater, solution I 
(415.2 g NaCl, 69.54 g Na2SO4, 11.74 g KCl, 3.40 g NaHCO3, 1.7 
g KBr, 0.45 g H3BO3, 0.054 g NaF per liter) and solution II (187.9 
g MgCl26H2O, 22.72 g CaCl22H2O, 0.428 g SrCl26H2O per 
liter) were prepared separately and combined to achieve a total 
volume of 20 L. To generate extracts, a 10 mL seed culture in DSC 
medium (20 g soluble starch, 10 g glucose, 5 g peptone, 5 g yeast 
extract per liter of 50% artificial seawater) was inoculated with 
Micromonospora sp. WMMC264 and shaken (200 rpm at 28 C) 
for 5 days. 15N-labeled cultures were then prepared by inoculating 
two 100 mL flasks containing 25 mL 15N-labeled ASW-A medium 
(20 g soluble starch, 10 g glucose, 5 g CaCO3, 5 g yeast extract, 2.5 
g peptone, 2.5 g 15N-labeled ammonium chloride per liter of 
artificial seawater) with Diaion HP20 (7% by weight), one of which 
also contained 50 µM iron (III) sulfate, with 2 mL seed culture. 
Cultures were allowed to grow for 2 weeks at 28 C. After this step, 
resin and cells were removed and extracted 3x with 20 mL acetone. 
Cloning, overexpression, and purification of the recombinant 
NRAS(1-169)Q61R were conducted as previously reported.9-11 In 
brief, the DNA sequence encoding the His6-MBP-TEV-
Hs.NRASQ61R construct (where MBP refers to maltose-binding 
protein and TEV is the tobacco etch virus protease recognition 
sequence) was ligated into a plasmid and transformed into 
competent V. natriegens cells. The uniformly labeled ¹³C/¹⁵N 
NRAS(1-169)Q61R was overexpressed by culturing bacterial cells in 
ModM9 medium, which contained ¹³C-glucose and ¹⁵NH₄Cl as the 
sole sources of ¹³C and ¹⁵N, respectively. The protein was purified 
using Immobilized Metal Affinity Chromatography (IMAC) 
followed by Size Exclusion Chromatography (SEC). The purified 
NRAS(1-169)Q61R was stored in a buffer solution containing 20 
mM HEPES (pH 7.4), 150 mM NaCl, 1 mM MgCl₂, and 1 mM 
TCEP. The purified NRAS(1-169)Q61R was then saturated with 
guanosine triphosphate (GTP). The saturation of the protein by 
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GTP was assessed via HPLC and mass spectrometry. The NMR 
samples were quickly concentrated and flash-frozen before further 
use. 
Sample Preparation and NMR Spectroscopy. Cell extracts were 
processed by solid phase extraction to remove salts. Briefly, 
extracts were dissolved in 2 mL 10% aqueous CH3OH and loaded 
onto a 500 mg C18 column. The column was washed with 2 mL 
H2O followed by 2 mL 90% aqueous CH3OH. The organic fraction 
was then dried and resuspended in 170 µL DMSO-d6 for NMR 
analysis. A 0.8 mM sample of NRASQ61R-GTP (MW 20.3 kDa) was 
prepared in a buffer containing 93% H2O/7% D2O in 20 mM MES-
d13 (pH 6.5), 50 mM NaCl, 100 mM KCl, 2 mM MgCl2, 1 mM 
TCEP-d16, and 500 µM 2,2-dimethyl-2-silapentanesulfonic acid 
(DSS) as an internal standard. Two-dimensional (2D) ¹H-¹5N 
HSQC spectra for the 15N metabolites were acquired at 288.2 K on 
a 600 MHz spectrometer equipped with a CP TCI 600S3 H&F-
C/N-D-05 Z probe (Z129649_0030). Sixteen transients were 
averaged over 128 dummy scans with a 1.0 s relaxation delay. The 
NMR data were collected using 768 (direct) × 310 (indirect) 
complex points, corresponding to acquisition times of 76.8 ms (¹H, 
16.66 ppm spectral width) and 40.3 ms (¹5N, 126.49 ppm spectral 
width). The receiver gain was set to 128.0. The total acquisition 
time was 3 h 8 m. All NMR data were processed using NMRPipe.12 
In the direct (1H) dimension, an exponential apodization window 
function with 10 Hz line broadening was applied, followed by zero-
filling to 2048 points and Fourier transformation. In the indirect 
(15N) dimension, a shifted sine window function (off = 0.5, end = 
0.99, power = 2) was applied prior to zero-filling to 1024 points 
and Fourier transformation. Subsequently, polynomial baseline 
correction was performed in the indirect dimension using an 
automatic algorithm to determine the optimal zero-order 
polynomial for removal of residual baseline offsets.
Design of RF pulse for broadband inversion and refocusing 
operations. The broadband pulse UR33, designed for spin 
refocusing and inversion operations, was created using 
GENETICS-AI.6 This software optimizes the RF phase shape for 
the 180-degree pulse operator, represented as exp(−iπIx), where Ix 
is the Pauli spin operator. GENETICS-AI employs a large library 
of RF shapes (~1,000,000) generated through the evolutionary 
algorithm. A neural network, trained on this RF pulse library, 
generates additional pulse shapes, which are further refined to 
achieve the optimal solution. The UR33 shape (universal 180o 
pulse) produced for the 15N inversion and refocusing operations 
spans a bandwidth of approximately 400 ppm (on a 600 MHz 
spectrometer). The UR33 is part of a broader family of pulses we 
previously designed for universal 180o flipping operation.6

RESULTS 
To evaluate the effects of broadband pulses on the 15N 

bandwidth, we started from the original sensitivity-enhanced 1H-
15N HSQC (heteronuclear single quantum coherence, Bruker 
library entry: hsqcetf3gpsi2) pulse scheme.13-14 To eliminate 
artifacts and improve coherent selection, we modified the original 
sequence by flanking the refocusing pulses with gradients in the 
first INEPT block. We also included two weak bipolar gradient 
pulses during the t1 incrementation period. Figure 1A displays the 
1H,15N HSQC experiment in which the unfilled rectangles represent 
the 90o hard pulses on both 1H and 15N channels. Note that the 
lighter green pulses perform an inversion operation on the 
longitudinal component of the 15N magnetization (Mz → − Mz), 
whereas the darker green pulses are used for refocusing the 
transverse components (My → − My and Mx → Mx if the RF pulse 
is applied along the x axis). To assess the performance of the UR33 
pulse, we tested different pulse shapes, including an adiabatic 
secant pulse (HypSec.500),15-16 a CHIRP pulse (Crp20,1,40.1),17 a 
composite CHIRP pulse (Crp60comp.4),17 The amplitude and 

phases of all these pulses are reported in Figures 1B-1E, whereas 
their simulated and experimental offset responses are shown in 
Figures 2 and S1. The 2D response profiles of these shapes vs. RF 
amplitude and offsets are shown in Figure S2, showing an effective 
performance even with B₁ field inhomogeneity compensation of 
±10%. First, we modified the 1H,15N HSQC experiment including 
a hard pulse for refocusing the transverse magnetization, and an 
adiabatic secant pulse, HypSec.500, for inverting the longitudinal 
magnetization (bbhsqcetf3gpsi2.1). Note that the use of hard pulse 
is necessary as the HypSec.500 pulse is not efficient for refocusing 
operations. Then, we implemented the 2D 1H,15N HSQC 
experiment with CHIRP pulses (Crp20,1,40.1) for inversion and a 
composite CHIRP pulse(Crp60comp.4) for refocusing 
(bbhsqcetf3gpsi2.2). Finally, we used the new AI-designed UR33 
pulse for both inversion and refocusing operations 
(bbhsqcetf3gpsi2.3). The simulated responses of the magnetization 
components to all these pulses are illustrated in Figure 2. For the 
bbhsqcetf3gpsi2.1 sequence, both the hard pulses for refocusing 
and inversion operations display a bandwidth of approximately 200 
ppm, which causes a loss of signal intensity at the two edges of the 
15N spectrum (Figure 2A). In contrast, the bbhsqcetf3gpsi2.2 
sequence equipped with CHIRP pulses for refocusing and 
composite CHIRP for inversion irradiates ~300 ppm, covering the 
entire 15N spectrum (Figure 2B). Similarly, the bbhsqcetf3gpsi2.3 
sequence with the AI-designed UR33 pulses for both inversion and 
refocusing covers homogenously the entire 15N bandwidth, 
extending to ~ 400 ppm for all the components of the magnetization 
(Figure 2). 

Figure 1. (A). Schematic of the modified 2D sensitivity-enhanced 
¹H,¹⁵N HSQC pulse sequences A. Unfilled rectangles in the 1H 
channel denote hard 90° pulses, while filled rectangles represent 
hard 180° pulses. Green rectangles in the 15N channel indicate 
inversion (filled) and refocusing (patterned) pulses. The broadband 
versions of ¹H-¹⁵N SE-HSQC include: (1) bbhsqcetf3gpsi2.1, with 
adiabatic secant pulses (HypSec.500) for inversion and hard pulses 
for refocusing; (2) bbhsqcetf3gpsi2.2 using CHIRP pulses 
(Crp20,1,40.1) for inversion and a composite CHIRP pulse 
(Crp60comp.4) for refocusing; and (3) bbhsqcetf3gpsi2.3 with 
UR33 pulses for both inversion and refocusing operations. Phase 
cycling schemes are: φ1 = {x, -x}, φ2 = {x, x, x, x, y, y, y, y, y, -x, 
-x, -x, -y, -y, -y, -y}, φ3 = {x, x, -x, -x}, φ4 = {y, y, -y, -y}, and φr 
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= {x, -x, -x, x, -x, x, x, -x}. The inter-pulse delay τ is set to 1/21JHN, 
where 1JHN is the amide groups scalar coupling constant. Gradient 
strengths are applied in the ratio g1: g2: g3: g4: g5: g6 = -61: 80: 8.1: 
11: 17: 23 for coherence selection and spectral sensitivity. (B) - (E) 
Amplitude (red) and phase (blue) shapes versus time for all 
inversion and refocusing pulses.

We initially tested the three 2D 1H,15N BB-HSQC pulse sequences 
using a 0.8 mM sample of NRASQ61R-GTP protein (20.3 kDa) and 
compared the intensities of the peaks observed in the corresponding 
15N spectra. Figures S3-S4 shows the 1D projections as well as the 
2D 1H,15N BB-HSQC spectra. Analysis of the 1D projections and 
the 2D peaks reveals a significant enhancement of the signals 
achieved through the implementation of the UR33. This signal 
enhancement is quantified in the histograms shown in Figure S5 A 
and B, where the intensity of the 1H,15N HSQC signals detected 
with the AI-generated pulses (I3, bbhsqcetf3gpsi2.3) is compared 
to those detected using the CHIRP pulse sequence (I2, 
bbhsqcetf3gpsi2.2) and the Hypersecant pulse sequence (I1, 
bbhsqcetf3gpsi2.1), respectively. Overall, the bbhsqcetf3gpsi2.3 
pulse sequence shows an increase of approximately 50% compared 
to bbhsqcetf3gpsi2.2, and an average increase of about 25% 
compared to bbhsqcetf3gpsi2.1. We then applied the three 1H,15N 
HSQC pulse sequences on the crude extract samples of 
Micromonospora sp. WMMC264 cultured with and without the 
presence of iron sulfate. Figures S6-S7 display the full 2D 1H-15N 
BB-HSQC spectra along with their 1H and 15N projections for crude 
extracts of Micromonospora sp. WMMC264, obtained both in the 
absence and presence of iron using the three HSQC pulse 
sequences. Portions of these spectra are reported in Figures 3, 
highlighting the metabolite peaks resonating at the edge of the 15N 
bandwidth. In particular, we examined the intensities of the 
resonances at the boundary of the spectral width, utilizing a hard 
pulse (Figure 3A), CHIRP pulses (Figure 3B), and our AI-
generated pulse (Figure 3C). The hard inversion pulse produced 
the spectrum with the lowest sensitivity. Conversely, the spectrum 
obtained with CHIRP pulses demonstrated a notable enhancement 
in sensitivity. However, the greatest signal enhancement was 
achieved with the UR33 pulse. 

Figure 2. Offset responses of the 15N inversion and refocusing 
pulses used for the 1H,15N SE-HSQC variants. (A) Response for the 
bbhsqcetf3gpsi2.1 sequence with a HypSec.500 pulse (maximum 
RF amplitude of 7.15 kHz and duration of 1 ms) for inversion, and 
a hard π pulse (RF amplitude of 7.62 kHz) for refocusing. (B) 
Response for the bbhsqcetf3gpsi2.2 sequence, with a Crp20,1,40.1 
(maximum RF amplitude of 6.65 kHz) for inversion, and a 
Crp60comp.4 pulse (maximum RF amplitude of 6.98 kHz) for 
refocusing, with durations of 600 µs and 2.8 ms, respectively. (C) 
Response for the bbhsqcetf3gpsi2.3 sequence with UR33 pulses for 
inversion and refocusing (RF amplitude of 7.61 kHz and a pulse 
length of 795 µs). The 15N projections from the spectra of 
Micromonospora sp. Extract acquired with bbhsqcetf3gpsi2.1, 
bbhsqcetf3gpsi2.2, and bbhsqcetf3gpsi2.3 are included in panels A, 
B and C, respectively, as a reference.
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Figure 3. 2D 1H,15N BB-HSQC spectra of crude Micromonospora 
sp. WMMC264 extracts in the absence of iron acquired with the 
three pulse sequences. (A-C) Portion of the 2D spectrum and 
corresponding 1H and 15N projections acquired using a hard pulse 
for inversion operation; (D-F) portion of the 2D spectrum and 
corresponding 1H and 15N projections acquired with CHIRP pulses; 
(G-I) portion of the 2D spectrum and corresponding 1H and 15N 
projections acquired with AI-generated UR33 pulse.  

Figure 4 presents a comparative analysis of the HSQC peak 
intensities from the crude Micromonospora sp. WMMC264 
extracts using three different pulse sequences: bbhsqcetf3gpsi2.1, 
bbhsqcetf3gpsi2.2, and bbhsqcetf3gpsi2.3, where I1, I2, and I3 are 
the respective intensities of the resulting peaks. In bacterial extracts 
cultured without Fe(III), the bbhsqcetf3gpsi2.3 sequence yielded a 
2D spectrum with a maximum sensitivity enhancement of 286% 
and an average gain of 62% compared to bbhsqcetf3gpsi2.1. In 
contrast, the bbhsqcetf3gpsi2.3 sequence demonstrated maximum 
and average gains of 133% and 31%, respectively, over the 
bbhsqcetf3gpsi2.2 experiment. For bacterial extracts cultured with 
Fe(III), the bbhsqcetf3gpsi2.3 experiment showed a maximum 
sensitivity gain of 288% and an average gain of 77% compared to 
bbhsqcetf3gpsi2.1. Additionally, it exhibited maximum and 
average gains of 175% and 34%, respectively, compared to the 
bbhsqcetf3gpsi2.2 experiment. These results clearly demonstrate 
that the 1H,15N BB-HSQC spectra acquired using the AI-designed 
UR33 pulse for both refocusing and inversion operations provide 
significantly enhanced sensitivity.

DISCUSSION
The library of metabolites detectable through NMR 

spectroscopy is continually growing, now containing over 1,500 
identifiable analytes, with many more yet identified.18 The stable 
isotope resolved metabolomics (SIRM) techniques coupled to 13C 
and 15N heteronuclear NMR spectroscopy19 have contributed to the 
expansion of the databases.5 

Figure 4. Sensitivity gains obtained with the bbhsqcetf3gpsi2.3 
pulse sequence (peak intensity I3) relative to (A) bbhsqcetf3gpsi2.1 
(peak intensity I1) and (B) bbhsqcetf3gpsi2.2 (peak intensity: I2), as 
plotted against the 15N chemical shift. Black bars indicate the range 
of gains when multiple resonances occur within the same chemical 
shift region. 

Despite this progress, many hurdles remain, including NMR 
techniques that thus far have been optimized for biomolecular 
structure determination rather than metabolomics analysis. For 15N 
NMR spectroscopy, a significant challenge is to cover the entire 
bandwidth. Inverse-detected 2D heteronuclear pulse sequences 
involve excitation, inversion, and refocusing operations that for 
biomolecules are performed by hard RF pulses. Whereas the 90o 

hard pulses are able to cover the entire bandwidth, inversion and 
refocusing operations are more challenging to achieve using hard 
RF pulses. It should be noted that inversion and refocusing are two 
distinct operations. A refocusing operation involves flipping the 
nuclear spins by 180 degrees in the transverse plane, while the 
inversion operation flips them along the z-axis. Refocusing is often 
more challenging to optimize, due to its stricter requirements 
compared to inversion operations. Although adiabatic or CHIRP 
pulses can perform high-fidelity inversion, they are generally less 
suitable for spin refocusing.17 Composite CHIRP pulses can also be 
used for refocusing operations; however, they tend to be 
suboptimal because of their longer duration. The ideal solution is 
the universal 180o pulse that can flip magnetization regardless of 
its initial state. The UR33 pulse, generated by GENETICS-AI, 
meets the criteria for a universal 180o pulse and can be utilized for 
both refocusing and inversion operations with high fidelity. As 
shown in Figure 5, the duration of the UR33 pulse is approximately 
one-third of the composite CHIRP pulse. This reduced duration 
enables it to execute high-fidelity refocusing operations more 
swiftly, thereby minimizing signal losses associated with spin 
relaxation. The benefits of this approach are evident in the signal 
enhancements we recorded across the entire 15N spectra of our cell 
extracts, particularly for peaks located at the edges of the 
bandwidth. 

Note, however, that our cell extracts were solubilized in DMSO 
to minimize signal losses typically associated with chemical 
exchanges in protic solvents. This problem is especially significant 
for nitrogen protons in metabolites, which are highly labile in 
aqueous solutions and at physiological pH.5 A potential solution to 
this issue is the use of water irradiation devoid (WADE) pulses for 
the 1H channel.20-21  This approach would eliminate solvent 
irradiation, reducing the saturation effects seen with other solvent 
suppression methods.20-21 Our next step will be to incorporate 
WADE pulses into the design of 1H,15N BB-HSQC experiments to 
be used for recording spectra on water samples. 
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Figure 5. Comparison of the performance of the different RF 
pulses utilized for 2D 1H,15N BB-HSQC sequences. The hard pulse 
has the shortest duration but can cover only a limited 15N 
bandwidth. On the opposite end, composite CHIRP pulses cover a 
larger bandwidth but with significantly longer pulse duration. 
UR33 covers the same bandwidth of composite CHIRP pulse with 
approximately 1/3 of the pulse length. 

CONCLUSIONS
In summary, we demonstrate that a newly developed AI-

designed inversion and refocusing pulse, integrated into a classical 
2D 1H,15N HSQC NMR pulse sequence, effectively covers the 
entire bandwidth of 15N with high fidelity. This new method will 
expand the application of metabolomics for analyzing amides, 
amines, and imines in cell extracts, especially at high and ultra-high 
magnetic fields.
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Software Availability
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The data used in this paper will be available from the repository site at the University of 
Minnesota DRUM [https://conservancy.umn.edu/collections/6c548d8b-0f3a-4f6b-b16e-
4154c88136c0] and will be accessed publicly.
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