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Nuclear magnetic resonance is a versatile and powerful analyt-
ical method for real-time monitoring of significant bio-
catalyzed reactions. However, even though NMR has great
potential as a reaction monitoring system, providing much
structural information, it has not been studied in depth due to
low sensitivity. To enhance the sensitivity, the hyperpolarization
technique has been suggested which has long been acknowl-
edged as a breakthrough in reaction monitoring by NMR.
There are major hyperpolarization techniques, generating
non-Boltzmann population distribution for hyperpolarized
signal to noise such as dynamic nuclear polarization,' spin-
exchange optical pumping,®® para-hydrogen induced polariza-
tion (PHIP),>** and signal amplification by reversible exchange
(SABRE).””™ In the case of para-hydrogen-based SABRE, the
substrate and the para-hydrogen bind to a catalyzing metal
complex together, thus allowing polarization to be transferred
to the substrate through scalar coupling. To achieve better
enhancement, the iridium N-heterocyclic carbene complex*
exhibits the highest polarization transfer efficiency, which
delivering an 8100-fold enhancement in 'H NMR signal
amplification relative to non-hyperpolarized pyridine. Addi-
tionally, enhancements can be increased by employing the
bulky electron-donating phosphines of the Crabtree catalyst.'®
Most iridium N-heterocyclic carbene catalysts are produced as
[Ir(H),(NHC)(substrate);]Cl while they are capable of delivering
various NMR signal gains such as "H,7-% 3C 22021 1ON 2224
19F,%326 31p 27 Recently, a published work has described the
extension of the SABRE substrate scope to include a wide range
of common drugs such as tuberculosis drugs,*® antifungal,>
and antibiotic agents.*>*" It is mainly N-heterocyclic compounds
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reaction monitoring, by using a protein enzyme under mild conditions is carried out. It represents the
first successful para-hydrogen based hyperpolarization application in biological reaction monitoring.

with low molecular weight. Hyperpolarization experiments
using large molecular weight COVID-19 drug candidates have
rarely been reported.*” Here, we extend the current scope of
biologically relevant SABRE substrates to remdesivir and
monitor its enzymatic hydrolysis.

SABRE has been widely considered as a potentially prom-
ising reaction monitoring tool for the real-time reaction via
hyperpolarization.®*** After its successful application on the
amide-coupling reaction monitoring, it could not be applied to
the biological reaction monitoring due to the solvent used for
the reaction, mild biological reaction conditions, and mostly,
small molecule polarization capacity. Therefore, its direct
application on the biological reaction could open up new
possibilities in the real-time reaction monitoring via
hyperpolarization.

To overcome this COVID-19 pandemic, many researchers
have engaged in drug development including drug repurposing.
Recently, remdesivir has received emergency use authorization
from the FDA, as the first organic medicine to treat COVID-19
around the world. Its prodrug form has been controversial as
its intact form is not detectable even after two hours post-
injection and as its efficiency for all clinical treatment should
also be catalyzed by several key biological reactions including
esterase hydrolysis reaction.**” Therefore, further research on
its molecular level of understanding is still required for
enhanced drug development. Along with that, repurposing
nucleoside analogue drugs have been considered as the
attractive future drug candidates to overcome this pandemic
and beyond. They target the RNA polymerase and prevent viral
RNA synthesis in a broad spectrum of RNA viruses, including
human coronaviruses.*®* Thus, to develop the most appro-
priate repurposing nucleoside analogue drug candidates for
COVID-19, in-depth timely research on its pharmacokinetics
and pharmacodynamics at the molecular level is also essential
to overcome this pandemic and its consequent recurrences.
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In our previous study, we reported the hyperpolarization on
the several anti-viral drug candidates of COVID-19.>* However,
these drug candidates have been reported rather ineffective in
treating COVID-19.* Furthermore, even though those unprec-
edented hyperpolarization on the large drug molecules are new,
their polarizations are only done in methanol solvent, which is
not applicable in a biological form.**> Our research results
indicate successful hyperpolarization of remdesivir via SABRE
under mild conditions and hyperpolarization performed in
DMSO, a more non-toxic solvent for in vitro application. To
provide a more clinical perspective of using this technique, its
biological reaction by enzyme was successfully monitored by
signal enhancement via SABRE. Moreover, to widen its future
applications, we added one more Ir-catalyst by matching
external magnetic field condition for efficient polarization
transfer to remdesivir. Our findings will expand newly appli-
cable research areas, not only in biological reaction monitoring
via NMR, but also in other biomedicine research, in order to
cope with dreadful diseases in the future.

Remdesivir structure has several potential key polarization
sources for SABRE: nitrile, amine, and triazine. However, its
complex structure and large molecular weight have been
considered as the limiting factors for hyperpolarization. Fig. 1
depicts the normal signal and its hyperpolarized signal after
SABRE using IMes-Ir-catalyst, which shows the different extent
of hyperpolarization of remdesivir. Among the amplified proton
signals, proton 6 represents the highest hyperpolarization
attached to the 5'-carbon of the nucleoside. However, its
polarization indicates no major difference compared to those
protons in the whole structure.

Therefore, we can anticipate its polarization transfer is
mostly from the SABRE-Relay*'*** or SPINOE,***® which are
discussed more on conclusion. To optimize hyperpolarization,
the external magnetic field is changed, and its polarization is
maximized at around 130 G.

However, no major difference was noted in the extent of
hyperpolarization in different magnetic fields, which could
have been due to Ir-catalyst's fast exchange. Furthermore, its
polarization transfer could be from other factors such as SPI-
NOE, other than from the Zeeman effect and J-coupling
matching condition. Referring to a recent study on the SABRE
hyperpolarization difference between Ir-catalysts,” we tested
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Fig.1 Remdesivir molecular structure and its normal *H NMR signal in
the methanol-d; solvent (black spectrum). Hyperpolarized signals
from remdesivir after SABRE in the presence of 130 G external
magnetic field in the methanol-d,4 solvent (red spectrum).

4378 | RSC Adv, 2022, 12, 4377-438]1

View Article Online

Paper

the SABRE with Crabtree's-Ir-catalyst, which indicates the
different polarization number. Interestingly, its polarization
confirmed that the number of hyperpolarization using the
Crabtree's-Ir-catalyst was slightly higher than IMes-Ir-catalyst.
The hyperpolarization patterns in the different magnetic field
also present no major changes from the different Ir-catalyst
(Fig. 2 and S1} for structures of Ir-catalysts). Remdesivir is
considered to be one of the most important treatments amid
this pandemic due to its usage in blocking viral RNA produc-
tion, leading to an additional study on hyperpolarization in
which a more biological solvent has been conducted. Interest-
ingly, SABRE in the CD;SOCD; with IMes-Ir-catalyst shows the
highest polarization efficiency with approximately 17-fold
enhanced signal (Fig. 3). DMSO has various biological impacts,
such as the ability to increase the skin penetration of chemicals.
It can pass through biological membranes, including human
skin, probably by changing lipid packing structure and
producing breaks in the bilayer.***’ This result observed in the
current research opens a new possibility for applying the in vitro
experiment with biological tests since DMSO has been widely
used in the in vitro drug test.*®™ Its polarization result of
remdesivir among the Ir-catalyst led to higher IMes-Ir-catalyst
than Crabtree's-Ir-catalyst, different from the CD;OD. This
indicates the polarization transfer mechanism with chelating
structure is not solely dependent on the solvent or catalyst.
Furthermore, the polarization trend in its structure is the
highest in the proton of 9, followed by the proton of 5, which
bonded with 5’-carbon of the nucleoside. This different trend in
each Ir-catalyst indicates that the polarization transfer effi-
ciency varies depending on solvents in different external
magnetic fields and different solvent systems.

Remdesivir activates analogue, inhibits RNA-dependent RNA
polymerase, and prevents viral RNA synthesis as a phosphor-
amidate prodrug.®® The activation pathway of remdesivir has
been proposed to have four steps: (1) cell entrance; (2) enzy-
matic elimination of masking group with 2-ethylbutyl ester and
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Fig. 2 Signal amplification value (SE) of individual protons from
hyperpolarized remdesivir using IMes-Ir-catalyst and Crabree's-Ir-
catalyst.
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Fig. 3 (a) *H spectrum of remdesivir before (black spectrum) and after
SABRE (red spectrum) in the DMSO-dg; (b) signal amplification value
(SE) of individual protons from hyperpolarized remdesivir using IMes-
Ir-catalyst and Crabtree’s-Ir-catalyst.

phenoxy; (3) phosphorylation; and (4) incorporation into
COVID-19 RNA.*® The masking group of remdesivir performs
increasing hydrophobicity to facilitate cellular entry.>* Also its
inventor found that the proton of 7 was shifted to 3 to 4 ppm
when the masking group of remdesivir was removed.>>>°
Monitoring hydrolysis of a 2-ethylbutyl ester by esterase
confirmed the proton of 7* in 3.2 ppm via hyperpolarization
(Fig. 4a). The splitting pattern of 7* is controversial because of
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its doublet instead of quartet. It attributes to several factors.
Because of the 5-membered ring intermediate from remdesivir,
the splitting pattern of 7* could be affected. The initial
metabolism of remdesivir produces an intermediate of cyclo-
pentane containing 7* is made.”” Therefore, stereochemical
relations in the equilibrium among protons in 5-membered
rings cannot be determined by simply measuring coupling
constants, except in cases where the substitution pattern of the
specific ring system has been carefully investigated. It could be
covered by a water peak close to 7*. Another possibility is that
hyperpolarized proton 8 of the 2-ethyl butyl group that is
released by enzymatic hydrolysis can be observed. However, the
cleavage of the phenoxy group is hard to prove via spectra due to
little variation in the signal of aromatic region (Fig. S27). Its
normal cleaved remdesivir signal after the same reaction time
and condition was not shown in a scan and its maximum
polarization was calculated by ~22 enhancement after
comparing with the multiple scan average (Fig. 4b and S37). To
the best of our knowledge, this is the first study that conducts
hyperpolarization reaction monitoring via SABRE in biological
condition is conducted for the first time. Furthermore, its NMR-
based reaction monitoring on a biologically important prodrug
suggests that significantly wide applications in biomedical
research. Its application can be significantly widened in the
biomedical researches.

Conclusions

SABRE-based hyperpolarization technique has been mainly
focused on small organic molecules due to its polarization
transfer limitation. Based on the long-distance polarization
transfer on the drug molecule, this study expands the possibility
of SABRE-based hyperpolarization on the wide range of large
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Fig. 4 (a) *H spectra of enzymatic hydrolysis monitoring of remdesivir; elimination of 2-ethylbutyl ester group; (b) *H spectra of remdesivir;
enzymatic hydrolysis after 120 min (black spectrum) and amplified through hyperpolarization (red spectrum) at the same time.
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drug and biological molecules. By investigating the polarization
transfer optimization with external magnetic fields and
different Ir-catalyst structures, more detailed SABRE-based
polarization transfer studies on remdesivir could be performed.

Polarization transfer mechanism needs to be investigated
further in the future, which might be explained by SABRE-
Relay*™ or/and SPINOE**® for intermolecular dipolar
interaction-mediated spin polarization and long-range interac-
tion between hydride and protons in the molecule. The most
interesting and important fact that we observed here is that the
polarization transfer on remdesivir's entire molecular structure
takes less than a minute in the DMSO-de solvent compared to
methanol-d,. Moreover, this SABRE-based biological real-time
reaction monitoring by using protein enzyme via polarization
technique under mild conditions (room temperature and 1
atm), among other well-known hyperpolarization techniques,
represents the very first successful hyperpolarization applica-
tion to identify the hidden signal in the biological reaction
monitoring-NMR field. Therefore, this finding creates new
opportunities, as an analytical tool, for future biomedical
applications. The efficient long-range hyperpolarization trans-
fer to the whole structure of remdesivir investigated in this
research may facilitate more practical applications in the future,
which could be used as NMR- and MRI-based analyses for
COVID-19 treatment after removing the toxic Ir-catalyst in the
solvent.”® Furthermore, its polarization can be enhanced by
higher concentration of para-hydrogen and other nuclei such as
N and '°C, polarized via SABRE, which will also drastically
widen its potential usage with longer relaxation time, avoiding
the signal overlap with solvents. Therefore, this real-time
hyperpolarization research on the biological molecules with
reaction monitoring can also serve as a foundation for future
applications in pharmacokinetics and biomedicine chemistry.
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