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This work describes the development of a versatile formulation
using glucose as a vitrification agent in dynamic nuclear polariza-
tion. Significantly high polarization levels are achieved through
optimization of a sample formulation, using sodium acetate and
glutamine as targets. The best optimized formulation allowed
precise monitoring of the enzymatic conversion of glutamine to
glutamate, paving the way for advances in cellular metabolism
applications.

1. Introduction

NMR enhanced by dissolution-dynamic nuclear polarization
(dDNP) has, among numerous applications,"? facilitated the
exploration of cellular metabolism.? It holds significant value
in discerning the metabolic by-products of amino acids, which
can serve as biomarkers for various diseases. However, the
widespread use of dDNP is limited by the availability of suitable
metabolic tracers. Indeed, hyperpolarizing a new metabolite to
acquire highly sensitive magnetic resonance (MR) data when it
is involved in a complex biological system requires optimizing
an adapted formulation of this molecule. This is for instance
the case for glutamine, which has been shown to play a key role
in a broad number of biological processes.* In a previous study,
we have highlighted the role of glutamine as a bio-probe after
its conversion into glutamate by glutaminase.” It is involved in
the reactive oxygen species regulation,® in GABA metabolism
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for modulation of the central nervous system and once con-
verted to a-ketoglutarate, it enters the tricarboxylic acid cycle
for cellular energy supply.”

State-of-the-art dDNP sample formulations consist of a free
radical compound and a solvent mixture that includes water,
usually deuterated and non-deuterated. Moreover, a vitrification
or so-called “glassing” agent, such as glycerol-dg, is added to
ensure a homogenous distribution of radicals. The choice of
this glassing agent is essential for achieving a uniform distribu-
tion of the radicals across the sample. In dDNP, particular
attention is paid to cryoprotection to avoid phase separation
during freezing of the sample and the formation of microcrys-
tals. Glycerol has emerged as the preferred solution for in vivo
studies based on its favourable safety profile for the user and
relatively high glassing efficiency.® While it is safe at concentra-
tions used in DNP studies, it is not chemically inert,”'® and one
may want to avoid its use for studies under near-physiological
conditions to obtain relevant data from biological samples.
Additionally, spectral overlaps between the carbon-(*C) signals
of glycerol™ and our products of interest can potentially impede
the extraction of kinetic constants.

Pioneering works such as those by Karlsson et al. in 20122
or Miclet et al. in 2014" have already used glucose as a glassing
agent. But so far, none have involved systematic optimization of
its concentration and its impact on the achieved polarization, as
it was the targeted analyte to polarize. Recent studies have also
extensively explored the use of alternative sugars or salts, such as
trehalose® and NaCl,'* which have shown promising glassing
properties in DNP sample formulations. Building on this line of
research, we focus here on glucose as a biologically interesting
alternative to common glassing agents. It is a non-expensive
compound, naturally present in cells, like glutamine, and can
also serve as an additional molecular probe.*>*® This monosac-
charide is commonly used as a pharmaceutical excipient to
protect, feed and bring energy to cells in formulations of biolo-
gical drugs."” Finally, it is often chosen due to its biocompatibility
with a wide range of medications and its innocuity. Glucose has
an exceptionally high glass transition temperature,'® due to its
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anisotropic hydrogen bonding pattern, which prevents ice
nucleation and promotes the formation of amorphous glasses
over ordered crystalline solids or liquids.

In this work, we explore the use of glucose as an interesting
alternative to common glassing agents. To do so, we optimize
its concentration in dDNP samples for two substrates with
respect to the polarization value, and test the obtained formu-
lation on an application, ie., the enzymatic conversion of
glutamine to glutamate by the glutaminase enzyme.

2. Experimental

2.1. Materials

2.1.1. Solid state experiments. The preparation of the
solution was straightforward using a precision balance and
standard laboratory pipettes since the sample we obtained was
not as viscous as glycerol. 3 M of [1-"*C]sodium acetate was
dissolved in 40 mM of TEMPOL (4-hydroxy-2,2,6,6-tetramethyl-
piperidine-1-oxyl), 90% of D,0, 10% of H,O to yield 100 pL of
solution as the paramagnetic polarizing agent. This formulation
was followed by the addition of different amounts of non-labelled
p-glucose with concentrations ranging from 0.25 M to 5 M depend-
ing on the sample in order to promote glass formation. Beads of
20 pL of these solutions were then frozen in a liquid nitrogen
Dewar and introduced into a 6.7-T polarizer operated at a
temperature of 1.2 K. For each sample, both 'H and "*C NMR
experiments were conducted, including 'H and “C thermal
equilibrium buildup measurements at 4.2 K, as well as "H and
3C DNP buildups using two different cross-polarization (CP)
sequences:'*>!

- The first used a 10-ms spin-lock between two adiabatic
half-passages applied on both channels (WURST, 200 kHz,
600 ms). Respective powers applied during the spin-lock pulses
were 80 W on *C and 10 W on 'H respectively, with a 100-50-
100 ramp on *C.

- The second used a pair of adiabatic inversion pulses on both
channels (WURST, 200 kHz, 12 ms, 50 W on '*C and 8 W on 'H).

Depending on the sample, three to five CP contacts were
required to achieve a maximal **C polarization value, with a delay
of 4 minutes between each one. Depending on the sample, the CP
sequences performed slightly differently, with an error of about
10% between them. The result reported in Fig. 1B was the best
achieved polarization between the two sequences for each sample.

A series of 1D spectra were acquired to generate polarization
buildup curves. Small flip angle pulses (1° and 5° for 'H and "*C
respectively) were used to avoid perturbing the polarization
accumulation. Microwave irradiation was performed using an
Elva-1 source coupled with a frequency doubler delivering
microwaves at 187.94 GHz and a power of 120 mW before the
doubler. Microwave gating was used to enhance the efficiency of
CP transfers until a stationary '*C polarization was reached.??
The measurement of the 'H background signal was performed
for each series of experiments (Fig. S1) and was subtracted from
the measured signal to calculate polarization values (eqn (S1)
and (S2)). No measurable **C background was observed.
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Fig. 1 Polarization values for (A) *H and (B) *C nuclei obtained for 3 M
[1-Clsodium acetate. Experiments were performed using a 6.7 T polarizer
at 1.2 K, with glucose concentrations ranging from 0.25 to 5 M.

300 mM of [5-'°C] glutamine was dissolved in 40 mM
TEMPOL, 90% D,0, and 10% H,O, followed by the addition
of natural abundance p-glucose at concentrations ranging from
1 M to 5 M depending on the sample.

2.1.2. Liquid state experiments. The most efficient formu-
lation of [5-'*C] glutamine was dissolved in a solution of 5 mL
D,O. Small flip-angle pulses of 10° were applied for detection
every second while the substrate returned to thermal equilibrium
polarization.

The same formulation of [5-'°C] glutamine sample was
dissolved in a 40-mM sodium acetate buffer pH 5.0 containing
H,0/D,0 (90/10) and 100 U of glutaminase activity (determined
according to the supplier - NZYtech 2500 U in 1 mL suspension).

2.2. Methods: kinetic model

The evolutions of hyperpolarized signals on the resulting **C
spectra (Fig. 5) were modelled using simple first-order kinetic
equations incorporating the enzymatic reaction that converts
the substrate S to the product P with a conversion rate k as well
as longitudinal relaxation times of glutamine and glutamate.
The mathematical model is described using eqn (1) and (2):

‘(‘i_f = —k x S(1) —Tils x S(1) (1)
%:ka(z)—TmeP(t) @)

where S denotes the [5-"C] glutamine magnetization and Ty, its
longitudinal relaxation time. Pis the [5-'*C] glutamate magnetization
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and T1p, is its longitudinal relaxation time. The datasets contain-
ing the signals from the substrate and the product were first
normalized using the maximum signal of the glutamine, allow-
ing for a direct comparison between them. Data processing and
analysis, including mathematical fitting and the determination
of kinetic constants, were performed using a custom-written
Python program.

3. Results and discussion

To do so, we first performed a preliminary round of experiments to
optimize the polarization of sodium acetate samples. This well-
known metabolite, which is commonly used in dDNP due to its
abundance in the biological media, low cost and ease of
polarization,” was chosen here as a model to explore several
experimental conditions. Fig. 1 presents the '"H and "C polariza-
tion values obtained in this feasibility study as a function of glucose
concentration for samples containing 3 M [1-"*C]sodium acetate.

As shown in Fig. 1A, a 'H polarization maximum of approxi-
mately 65% is reached for glucose concentrations between 2
and 3 M. However, it is important to note that for glucose
concentrations exceeding 2.5 M, the acetate polarization
decreased, and for these samples, the polarization buildup was
too slow to be used efficiently for CP in practice (Fig. S2). In fact,
"H buildup dynamics were fastest for 1 M glucose (Fig. S3), which
likely explains the optimum found in *C polarization measure-
ments described below. We also observed that the polarization
buildup times were similar to the ones obtained with the conven-
tional sample formulation using glycerol, also known as “DNP
juice”. In principle, a larger proton polarization should entail a
larger cross-polarization transfer to *C. However, we did not
observe a similar behaviour between 'H and *C polarization.
Instead, an optimal glucose concentration of 1 M was observed,
yielding a solid-state polarization of P(**C) = 33%. This value is
comparable to the polarization level achieved using a standard
glycerol-dg formulation,® thereby demonstrating that the sample
formulation with glucose is effective for sodium acetate. Further-
more, we optimized the protonation level of the DNP juice by
adjusting the H,O content of the sample. The results shown in Fig.
S4 confirm that a suitable condition is obtained with 10% H,O in
the sample. We then proceeded to determine the glucose concen-
tration in the “DNP juice” for optimal glutamine polarization.

Fig. 2 illustrates the solid-state 'H polarization obtained for
glutamine as a function of glucose concentration in the sample
following the protocol used for sodium acetate.

We observe that 'H polarization increases with the concen-
tration of the glassing agent, with a maximum polarization
close to 70% achieved at a glucose concentration of 4 M. From
3 M glucose onwards, the sample exhibited the transparency
typically associated with amorphous freezing, which is known
to yield improved polarization. Examples of the appearance of
the frozen beads are shown in Fig. 3. At glucose concentrations
above 5 M, the sample solubility significantly decreased and
required prolonged sonication and strong heating; therefore no
further measurements were conducted.
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Fig. 2 'H polarization values obtained with [5-**C] glutamine at 300 mM
concentration. Experiments were performed using a 6.7 T polarizer at
1.2 K, with glucose concentrations ranging from 1 to 5 M.

Fig. 3 [5-13C] glutamine sample in beads formed using glucose as a

glassing agent: (A) 20 pL bead with 1 M glucose; (B) 20 pL bead with 4 M
glucose.

Following this sample optimization, the hyperpolarized gluta-
mine samples were dissolved to provide a blank sample. Strong
3C signals were detected in the liquid state, as shown in Fig. 4.

A) B)

A) Hyperpolarized spectrum
[5-**C]Glutamine | [5-2*C]Glutamine NS =1, RG =64, 10° pulse
B) Thermal equilibrium spectrum
NS =64, RG = 512, 90° pulse
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Fig. 4 (A) Hyperpolarized **C spectrum of a 300 mM [5-**C] glutamine
sample recorded after dissolution and transfer in a 400-MHz spectrometer
(in green), from a single dDNP scan using a 10° flip-angle (NS = 1, RG = 64).
(B) Thermal spectrum acquired in 5 h (in blue) at 298 K with a 90° pulse
(NS = 64, RG = 512).
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The dDNP spectrum in Fig. 4A exhibits the enhanced “*C
signals of [5-"*C]glutamine and [5-'*C] glutamate in the 176~
183 ppm region,’ illustrating a significantly increased *C
sensitivity. The [5-'*C] glutamate signal at 180.4 ppm is due
to residual [5-'°C] glutamate from the [5-'*C]glutamine sample
supplier. The *C signal enhancement in the liquid state was
calculated by the comparison of a single peak intensity in the
thermal equilibrium spectrum recorded in 5 h (Fig. 4B) with the
hyperpolarized signal obtained from the same sample in a
single scan (Fig. 4A). We estimated a 24% polarization in a
glutamine sample using glucose as the glassing agent. It is
noteworthy that the glucose is detectable between 55 and
100 ppm despite being present at a natural abundance in the
sample. The "*C signal decay of a sample of [5-'*C] glutamine
was still observed after two minutes (Fig. S5), providing a
suitable time window to monitor the in vitro conversion of
glutamine to glutamate through the action of glutaminase.

Next, the hyperpolarized glutamine samples were dissolved
in a buffer solution containing glutaminase. A representative
example of these experiments is illustrated in Fig. 5.

The decay of the glutamine, and the buildup and decay of the
glutamate signals, were observed, attesting for the successful
enzymatic conversions of glutamine to glutamate by glutami-
nase. The observed decrease in glutamine (GLN) signal intensity
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Fig. 5 Time evolution of hyperpolarized *C signals for [5-*C] glutamine
(177.6 ppm) and [5-*Clglutamate (180.4 ppm). The plot shows the fit of a
kinetic model to the experimental relative integrals of both metabolites
over time, following dissolution in a 40-mM sodium acetate buffer pH 5.0
containing H,O/D,0O (90/10) and 100 U of glutaminase.
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results from both its conversion to glutamate (GLU) and long-
itudinal relaxation (73s), whereas the decrease of the glutamate
signal is caused by its relaxation (7;,) only.

The model fitted to the data using eqn (1) and (2) produced
correlation coefficients R, of 0.995 and 0.997 for the triplicate
experiment. The fast decay of the glutamine signal forced us to
subsample our time points, leading to increased uncertainty in
our fitted data especially in the early stages of the experiment as
shown in the analysis of the residuals associated with the fit in SI
(Fig. S6 and S7). To overcome this limitation, we constrained our
model by fixing the 7} value of glutamine to a literature-reported
value®*?® obtained under experimental conditions comparable to
ours. Table 1 presents a comparison between kinetic constants
extracted from a triplicate set of dDNP experiments using an
unconstrained model and those obtained using a model in which
the T; of glutamine was fixed at 22.3 seconds.

The average T; of glutamine was found to be Tj5 = 23.3 +
3.1 s after fitting without constraint. The production of gluta-
mate was monitored in this time course experiment, and its
relaxation time was found, on average as well, to be Ty, = 9.9 £
1.1 s. Despite the uncertainty in the initial data points, both
fitting methods yielded consistent and accurate results in agree-
ment with literature values, confirming the reliability of the
extracted parameters. The apparent conversion rates ks were
also comparable using these two fitting approaches, which
allowed us to subsequently calculate normalized conversion rates
knorm, providing a more relevant measure of the process. The
knorm value of glutamine to glutamate was calculated to be 6.40 x
10> mM per L.s.U based on the apparent ks value adjusted
from the fit, and normalized using the enzyme activity (100 U)
and the injected substrate concentration, which was quantified at
thermal equilibrium after the dissolution experiments. This value
is sufficiently close, with only reasonable experimental variability,
and remains within the same order of magnitude as our previous
results (Table S1), supporting the overall consistency of the
method. The fact that a simple kinetic model is able to account
for the kinetics has been noted previously,'® and suggests that
the dDNP measurements, in the case of a large enzymatic activity,
actually starts when the substrate has already significantly
decreased. The putative Michaelis kinetics is thus sufficiently
well approximated using first order kinetics. More details about
the data fitting and its challenges are presented in the SI. Overall,
the quality of the obtained data demonstrates that high polariza-
tion levels can be consistently achieved using glucose as the
glassing agent with good repeatability, paving the way to a

Table 1 Comparison of the values of the kinetic parameters extracted from our unconstrained model with those obtained by fixing the T; of

[5-BClglutamine

Ty [5-"*C]GLN (s)

Ty [5-"*C]GLU (s)

kobs (Sil)

Fitted values 267 +£1.6 224411 208+ 1.1 9.0=+0.1 11.1+0.2 9.6+01 01+19x10° 0.1+ 0.2 +
without constraint 1.9 x 1073 2.1 x 1073
Average values 23.3 + 3.2 9.9 + 1.0 0.1+3.2x 102

Fitted values with 22 + 3.3 9.4 +£56x 1072 11.0 + 95+53x 01+91x10* 0.1+ 0.2 +

a fixed T; GLN 8.4 x 1072 10-02 1.1 x107% 1.4 x 1073
Average values, 22 £3.3 10.0 £ 0.9 0.1+3.2x 107>

fixed T; GLN
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reliable determination of kinetic parameters for reaction pro-
cesses such as the model one discussed here.

Conclusions

Throughout this investigation, an optimized sample formula-
tion using glucose as the glassing agent was established
both for acetate and glutamine for enhanced polarization
performances and real-time enzymatic analysis. We demon-
strated the possibility of replacing glycerol by glucose to
produce hyperpolarized 'H and ">C spectra of various analytes
in a single experiment. The glassing effect of glucose ensures
sample homogeneity and uniform radical distribution, sup-
porting its viability for dDNP experiments. Though still in its
early stage, this new sample formulation opens new avenues for
polarizing biological samples with increased performance and
can be easily implemented for other metabolites. Kinetic and
relaxation values obtained align closely with previous studies.
Further optimizations are anticipated, such as increasing the
radical concentration for this formulation to easily accelerate
the polarization buildup to its stationary polarization value.
Besides, the study of a phase diagram to promote the amor-
phous form of glucose rather than its crystalline form is
envisaged, as well as the solubility and maturation properties
of the samples.”® The objective here was to further explore
sample optimization performance and align it with our biolo-
gical application. One perspective of this study is the detection
of low concentrations of **C-labeled or even natural abundance
metabolites involved in glutamine metabolism in the liquid
state, using glucose as a glassing agent. This approach holds
potential for future co-polarization of both glutamine and
glucose. While the addition of glucose will interfere with the
metabolism, this effect will be leveraged to enable the simulta-
neous analysis of the kinetics of both substrates under physio-
logical conditions—an aspect that will be further investigated
within the research team. Therefore, these findings open new
avenues using glucose as a glassing agent and co-analyte with
glutamine to monitor simultaneously their metabolisms in
biologically relevant systems, such as cancer cell media.
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