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Oxygen plays a central role in biomolecular structures and
functions, with 17O NMR emerging as a powerful tool for
elucidating biomolecular properties. However, the low natural
abundance of the NMR-active isotope, 17O (0.0373%), presents a
significant hurdle to its widespread application. Here, we
introduce a rapid and cost-effective approach for amino acid-
specific 17O-labeling of recombinant proteins. Using a common
bacterial expression system and with a 30-minute rapid syn-
thesis protocol of 17O-labeled amino acids via mechanochemical
saponification, we have generated Leu- and Phe-specific 17O-
labeled recombinant proteins derived from diverse organisms,
including CrgA and FtsQ from Mycobacterium tuberculosis and E

protein from SARS-CoV-2 virus, demonstrating the applicability
of our technique for amino acids known to be isotopically
labeled without scrambling. We have acquired magic-angle-
spinning 17O NMR of these proteins to confirm the successful
17O labeling and illustrate the sensitivity of 17O NMR to the
protein’s local structural environments. Our work significantly
broadens the accessibility of 17O-NMR, empowering researchers
to delve deeper into protein biophysics and biochemistry. This
approach opens new avenues for understanding cellular
processes at the molecular level by providing an effective tool
for investigating oxygen-related interactions and chemistry
within biomolecules.

Main

Nuclear magnetic resonance (NMR) spectroscopy is a founda-
tional technique for determining the structures and dynamics
of proteins.[1] Despite its effectiveness, NMR, especially solid-
state NMR, generally struggles to detect signals from poorly
abundant isotopes. Therefore, isotope enrichment of proteins,
typically 13C or 15N, is often necessary for biomolecular NMR
investigations. Oxygen is a vital structural component and plays
a central role in the functions of proteins.[2] In addition, its
inherent large chemical shifts and quadrupolar couplings are
remarkably sensitive to local environments. Given its signifi-
cance, 17O NMR emerges as a highly advantageous tool for
investigating the structures, properties, and functions of
proteins. However, its use in biomolecular NMR is severely
limited, partly attributed to the low natural abundance of its
only NMR-active isotope, 17O (0.0373%), and the quadrupolar
nature of 17O (spin-5/2) that introduces NMR interactions on the
order of MHz, leading to signal broadening. The recent develop-
ments in ultra-high magnetic fields[3] have greatly improved the
resolution of 17O NMR.[4] Despite the enhancements in the
strengths of magnetic fields, routine application of 17O NMR for
protein structural characterization still presents significant
challenges. In contrast to 13C and 15N-labeled amino acids, only

two 17O-labeled amino acids, L-glutamic acid and L-tyrosine, are
commercially available at exorbitant prices (Table S1). Conse-
quently, cost-effective, high-yield synthesis of 17O-labeled amino
acids becomes a necessity. However, conventional synthesis of
17O-labeled amino acids typically requires a substantial excess
of costly 17O-enriched water (Table S1: currently priced at
approximately $3,000 per 1 g) and entails intricate processing
at elevated temperatures, rendering it impractical for routine
implementation. Additionally, there is a dearth of standardized
protocols for integrating 17O amino acids into protein sequen-
ces. The traditional practice of using a bacterial expression
system for incorporating 13C and 15N labels into proteins
through controlled minimal media is not feasible for routine
research due to the substantial quantity of 17O-labeled amino
acids required during culture growth. While one documented
study employed this approach to express amino-acid-specific
17O-labeled yeast ubiquitin in an auxotrophic E. coli strain,[5] this
method’s practical viability is limited due to its high cost, low
yield, and protracted enrichment process.

The key to enabling the broader use of biomolecular
17O NMR to reveal insights beyond what traditional 13C and
15N NMR can offer lies in making 17O labeling of proteins
convenient and cost-effective. Successful 17O-labeling of bio-
molecules has been previously limited to specific high-yield
model proteins, such as ubiquitin.[5] There is a growing interest
in developing a widely applicable and efficient method for 17O-
labeling of proteins that can be easily adapted to commonly
used cell lines in most structural biology labs.

In this study, we combine rapid and cost-effective 17O
labeling of amino acids with the commonly utilized bacterial
strain BL21(DE3) to establish a general and economical protocol
for 17O labeling of proteins. We demonstrate the successful 17O
labeling of the Mycobacterium tuberculosis (Mtb) cell-division
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protein CrgA through heterogeneous expression in the
BL21(DE3)RP E. coli strain, utilizing 17O-labeled leucine synthe-
sized via mechanochemical saponification.[6] CrgA, a 93-residue
transmembrane protein, plays a pivotal role in the Mtb divisome
through interactions with multiple other cell division proteins.
To show the versatility of this 17O-labeling protocol, we also
labeled Mtb FtsQ and SARS-CoV-2 E proteins using the same
method. We further tested the method using 17O-labeled
Phenylalanine to label CrgA.

As shown in Figure 1, the 17O-labeling of amino acids via
mechanochemical reactions was carried out in a ball milling jar
for about 30 min, and the product was directly transferred into
M9 minimal media for protein expression. This protocol
significantly reduces the time required to obtain 17O-labeled
amino acids by eliminating the purification process and
preventing product loss during amino acid purification. The
conversion of L-Leucine methyl ester hydrochloride precursor
to L-Leucine was close to 100%, as indicated by the complete
shift of the 1736 cm� 1 peak to 1577 cm� 1 in the infrared analysis
(Figure S1). [6] To examine possible changes in the chirality of
amino acids synthesized with this method, we performed
circular dichroism spectroscopy on our lab-synthesized Leu and
commercial L-Leu. The results (Figure S2) show matched CD line
shapes, suggesting the conservation of chirality. Laurencin’s
report[6] also exhibited no loss of chirality in their synthesized
Fmoc-amino acids. The successful 17O-labeling of the final L-
Leucine product was verified by liquid chromatography-mass
spectrometry (LC–MS) (Figure S3 and Figure S4 for L-Phe). Based
on the LC–MS spectra, the level of 17O enrichment for L–Leu
and L-Phe products was found to be ~60% and ~72%,
respectively. We further tested the chirality of synthesized LIt is
worth mentioning that the small quantities of side products
from the mechanochemical reaction showed no influence on
the growth rate and protein yield of CrgA expression (Fig-

ure S5). For 250 mL of M9 culture, we obtained ~25 mg of
purified CrgA protein, comparable to our CrgA yield of 13C and
15N labeling in a similar culture volume. For 500 mL of M9
culture, ~4.8 mg of FtsQ58-126 (Figure S6) and ~4 mg of E
(Figure S7) were obtained, respectively. Detailed procedures are
provided in the method section.

It should be noted that amino acid type-specific isotopic
labeling cannot be uniformly applied to all 20 amino acids. Not
every amino acid is incorporated directly into the target protein.
For example, Glu and Asp residues are difficult to label, as they
tend to scramble into other amino acids. Over the past few
decades, significant research has focused on identifying amino
acids that can be used to isotopically enrich recombinant
proteins overexpressed in E. coli, aiming for minimal or no
isotopic scrambling.[7] It has been demonstrated that Ile, Ala,
Leu, Phe, Val, Met, Trp, and Thr can be labeled with minimal or
no scrambling if labeling conditions are properly controlled,
with varied additions of unlabeled amino acids and short
expression times.[1c,8]

In Figure 2A, the 17O MAS NMR spectrum of 17O-Leu-labeled
CrgA in liposomes reveals a resonance at approximately
277 ppm, corresponding to the Leu carbonyl 17O sites. In
addition, the 17O NMR spectra of 17O-Leu-labeled SARS-CoV-2 E
protein (Figure 2B) and Mtb FtsQ58-126 (Figure 2C) exhibit peaks
at approximately 256 ppm and 287 ppm, respectively. A notable
20 ppm chemical shift difference for these Leu carbonyl 17O
signals indicates the excellent sensitivity of 17O as a probe for
distinct local environments resulting from different protein
characteristics. The differences in 17O chemical shifts likely result
from variations in protein dynamics, making 17O a unique probe
for protein motions. However, the spectral resolution is
insufficient to resolve the subtle differences in individual 17O-
labeled Leu carbonyls within the same protein. Since 17O is
quadrupolar (spin 5/2), the 17O resonances are significantly

Figure 1. Bacterial expression flowchart using M9 minimal media supplemented with 17O-labeled amino acids prepared with a cost-effective mechanochemical
approach.
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broadened by quadrupolar interactions on the order of MHz.
The single 17O NMR peak results from overlapping resonances
of all labeled carbonyls (11 Leu for CrgA, 14 Leu for E, and 7 Leu
for FtsQ58-126). A higher magnetic field, fast magic-angle-
spinning, and advanced NMR methods will be implemented to
resolve the subtle differences in the local environments of the
labeled amino acids within the same protein. For the 17O-Phe-
labeled CrgA, a high-sensitivity 17O NMR signal was observed at
~278 ppm within the same range as noted above for Leu
labeling (Figure S8), confirming the carbonyl labeling and
suggesting the high adaptability of this method for 17O-labeling
and structural sensitivity. The amino acid sequences of CrgA, E
and FtsQ58-126 with Leucine 17O labeling sites highlighted are
shown in Figure S9.

In summary, we have established a practical and cost-
effective method for 17O-labeling of proteins, comparable to
standard 13C and 15N labeling and even more economical. This

isotopic labeling strategy introduces a viable avenue for routine
17O NMR investigations into protein structures and dynamics,
particularly useful for probing the pivotal roles played by
oxygen atoms within the active sites of proteins in catalyzing
biochemical reactions. Previously inaccessible, these functional
sites can now be effectively investigated using NMR spectro-
scopy enabled by our method.
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