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The anomerization rate of glucose (Glc) intrigued researchers
back at the turn of the 20™ century.! Numerous studies into
both Glc and glucose-6-phosphate (G6P) anomerization have
been performed since,>™ due to their importance for the
activities of anomer specific enzymes such as G6P dehydroge-
nase (which converts p-G6P to 6-phospho-b-glucono-1,5-lactone
and is specific to B-G6P>'®), phosphoglucomutase (which
converts G6P to G1P, and vice versa, and is specific to a-G6P?),
and G6P isomerase (which interconverts G6P and fructose-6-
phosphate (F6P) and is specific to a-G6P*> and «-F6P"). G6P is
the product of Glc phosphorylation which is carried out by
hexokinases including glucokinase. From basic principles, the
G6P anomer that is formed in this reaction is determined by the
Glc anomer that serves as a precursor for this reaction.>**
Nevertheless, anomeric equilibrium of G6P will lead to the
formation of the other G6P anomer, even if starting from
a single Glc anomer (ESI, Scheme S1f). The Glc anomeric
selectivity of hexokinase from different organisms and organs
have been extensively studied and was found to depend on
multiple variables such as temperature and the hexose
concentration.’ > Recently, we have shown that yeast hexoki-
nase shows selectivity for the p anomer of 2-deoxyglucose (2DG),
a Glc derivative.** Additionally, we have shown that following
the production of B-2DG-6-phosphate (B-2DG6P), anomeric
equilibrium produces «-2DG6P.** Since G6P is a branch point
for Glc metabolism and because G6P dehydrogenase, phos-
phoglucomutase, and G6P isomerase focus on different anom-
ers of G6P, the anomerization of G6P is mechanistically
important for the understanding of metabolic pathways
routing.
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observe the replenishing of this signal due to the fast anomeric exchange of this compound. The
forward to reverse reaction rate constants ratio was ca. 1.6.

However, the methodology for monitoring the anomeriza-
tion process of the phosphorylated sugar is not trivial, specifi-
cally due to the speed of this process, which is at least two
orders of magnitude faster than that of Gle.>*** In the 1960s, the
methodologies for determining the anomeric conversion rates
for Glc and G6P were indirect, for example necessitating
a conversion to trimethylsilyl ethers for gas chromatography.®’
Other methods included calorimetry® and spectrophotometric
measurements.>*»>'> Later studies observed the two anomers of
Glec and its derivatives using 'H-° *'P° and "*C-nuclear
magnetic resonance (NMR) in solution.

Simultaneous detection and differentiation between the
anomers of Glc and G6P is done by '*C NMR using the signals of
the C; position. The C, signals of both anomers of are ca. 4 ppm
apart and therefore can be resolved. Due to the low sensitivity of
3C NMR, observing the anomerization process of sugars is
challenging at thermal equilibrium, even when using '*C-
labeled compounds. Nevertheless, the two anomers have been
observed in vivo in animal models® and in the human skeletal
muscle** and brain.”>** However, using the C; signals it is
typically not possible to discern between '*C-labeled Glec and
G6P in vivo due to the small chemical shift difference.

Mechanistic studies of Gle metabolism anomer specificity
have typically used a specific anomer as a substrate. However,
anomerization readily takes place as soon as the solid Glc or
G6P are dissolved in water. At equilibrium, at 37 °C, a Glc
solution contains 64% of the B and 36% of the o anomers. At
25 °C, the half-life for the anomeric exchange is 30-60 min (o to
B and B to a, respectively),® and reports on the half-life in other
temperatures vary.”””* Nevertheless, it is likely and generally
assumed that at lower temperatures this half-life is longer.
Therefore, experiments aiming at assessing the anomeric
specificity of p-Glc metabolism were reported using low
temperatures.'®* However, studies at lower temperatures affect
enzyme activity. Another approach is to carry out the reaction in
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D,O0 which was found to prolong the life time of the Glc
anomers in solution.”*> However, D,0 may affect enzyme
activities" due to H-D exchange of protein bound protons. In
addition, the binding of Glc anomers was studied by saturation
transfer difference NMR (STD NMR).>

We note that NMR methods that are based on "H detection
per se, in the absence of isotopic label, whether direct or via
chemical exchange saturation transfer (CEST)*® cannot differ-
entiate between Glc anomers. The transition states for the ring-
opening and ring closing in the mutarotation reactions of Glc
were studied by saturation transfer '>C NMR,* and mutarotase
activity on Glc** and on its sulfonated derivatives* were studied
by 'H and "*C NMR exchange spectroscopy (EXSY) in one and
two dimensions. Rate constants for anomerization of furanose
sugars in D,O were obtained by 'H and **C saturation-transfer
NMR spectroscopy® but the use of D,O has been shown to
slow down the anomerization of G6P.*

The dissolution-dynamic nuclear polarisation (dDNP)
approach® has revolutionised the ability of NMR to monitor
chemical and biochemical processes much faster and using
physiologically relevant substrate concentrations. Furthermore,
kinetic analysis through selective dDNP enhanced signal satu-
ration or inversion has been reported.*® Using the dDNP
approach, the distribution of stable isotope-labelled Glc and its
metabolites can be investigated at 3-4 orders of magnitude
higher signal-to-noise ratio (SNR) compared to thermal equi-
librium NMR spectroscopy studies.?*” [**C4,D,]Glc has been
utilised in several dDNP studies both as a metabolic
agent'*»*** and as an imaging agent.”*” The labelling with
3C is required for increasing the ">C-NMR SNR. The deutera-
tion of the *C sites (deuterium substitution of directly bound
protons) is necessary to prolong the T of these directly bound
3C nuclei,”**? to enable observation of the hyperpolarised state
and thus allow detection of chemical and enzymatic processes.
Still, the lifetimes of the hyperpolarised sites of this stable-
isotope labelled Glc analogue are relatively short, with T,
relaxation times of about 10 to 20 s.** Therefore, this technique
is suitable for investigation of fast processes, of the order of
seconds. Although the C, positions of [*Cg,D,]Glc and [**Cg,D5]
G6P anomers have been previously monitored in dDNP studies
of hexokinase reactions,"** their anomeric exchange rates were
not characterised. Here we have devised a selective RF pulse
excitation strategy and an experimental dDNP approach for
monitoring the anomeric exchange of ['*Cs,D,]G6P in real-time.

BC-NMR of [*Cg,D,]Glc and [*Ce,D,]G6P offers a unique
capability to observe both the o and B anomers of these
compounds in solution. This is because for both these
compounds the chemical shift difference between the C;a and
the C;P signals is large enough to be observed, even in the
presence of the complex split signals due to the J-coupling with
the adjacent >C and D nuclei.”* Hyperpolarization of [**Cg,D-]
Glc yields NMR signals that can be monitored with a temporal
resolution of the order of seconds which is important when
attempting to observe fast anomeric exchange processes. In
addition, we have capitalised on the properties of a uniformly
labelled compound in a hyperpolarised state, where there is
a potential to quench one of the signals specifically. This is
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because the quenched signal cannot return to its starting level
as the signal will relax to thermal equilibrium and the hyper-
polarised signal is 3-4 orders of magnitude larger than that.

Our aim in this study was to null the signal of one of the
anomers in a reaction mixture that contained both anomers in
equilibrium and then observe and quantify the build-up of the
nullified anomer signal as the anomeric equilibrium took place.
It is important to note that nulling the signal of one of the
anomers does not modify the reaction composition or the
equilibrium process, but only the presentation in the NMR
spectrum: the remaining hyperpolarised state in one of the
anomers operates as a label, to highlight the formation of the
other. To the best of our knowledge, this is the first investiga-
tion of anomeric exchange using hyperpolarised NMR.

First, we investigated this approach on hyperpolarised
[**C6,D,]Glc which was introduced into a hexokinase reaction
medium, but without the enzyme. The following acquisition
strategy was taken: first, a series of ten frequency selective RF
pulses was applied to fully excite only the C; signal of the
B anomer. The lower panel in ESI Fig. S1AT (time 1-10 s),
demonstrates that indeed only this signal was excited and
decayed quickly due to this massive depolarisation, it also
demonstrates the need for the application of several selective
pulses. Immediately after this selective depolarisation, a series
of hard (non-selective) RF pulses was applied to excite the entire
13C bandwidth with a low flip angle (10°). The resulting spectra
displayed all of the expected hyperpolarised [**C4,D,]Glc signals
except for that of the C,p signal (which was depolarised by the
previous selective pulse series). This result indicated that once
depolarised, the C;B signal of hyperpolarised [“*C¢,D,]Gle
cannot regain its intensity, even though all of the other "*C sites
retain their hyperpolarised state. We note that we have specifi-
cally chosen to use formulations in which the starting material,
[**C¢,D]Glc, was already in anomeric equilibrium in order to
monitor the solution composition at equilibrium (ESI Note S3,+
Materials and methods, dDNP).

To validate this experimental approach and make sure that
the application of the frequency selective RF pulses does not
affect the decay of other hyperpolarised sites, we acquired
hyperpolarised signals from a similar hyperpolarised solution
of [**C¢,D5]Glc using only the series of non-selective, low flip-
angle pulses. Indeed, all of the signals of hyperpolarised **C
were observed (ESI Fig. S1B) and appeared to decay at a similar
decay rate (ESI Fig. S1C and Table S1}). This acquisition
approach was further validated as described in the ESI S2.t

Next, we applied the same acquisition strategy (selective
pulses on C;B followed by non-selective acquisition) on
a hyperpolarised [**Ce,D,]Glc solution which was combined
with a solution containing the enzyme hexokinase. This reac-
tion led to a quick conversion of [**Cg,D,]Glc to [**Cs,D,]G6P, as
confirmed by the immediate appearance of the Cy signal of
[**C6,D,]G6P (Fig. 1A). As opposed to the experiment without
the enzyme, a signal at the C;B chemical shift was observed as
well, despite the preceding depolarisation of this signal by the
selective RF pulses. However, both C;f and C;a signals
appeared at a relatively lower intensity compared to those of
hyperpolarised [**Cg,D,]Glc which did not undergo an

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Hyperpolarised [**C,D;IGlc in a reaction mixture with hexoki-
nase (5.43 maq). (A) Lower panel, selective excitation and depolarisation
of the C4f position for 10 s with a TR of 1 s. Upper panel, subsequent
non-selective (hard pulse) excitations (from the 13" second) with the
same TR. (B) A time course showing the signal decay for the chemical
shifts of Cg-[1*Ce,D/1Glc and Cg-[**Cs,D;1G6P determined using the
non-selective excitations (upper panel in A). The dotted arrow indi-
cates the time at which the phosphorylation reaction ended, as
determined by the disappearance of the Cg-[**Cg,D-IGlc signal from
the spectra. (C) A time course showing the signal decay for the
chemical shifts of Cya and C4f positions determined using the non-
selective excitations (upper panel in A). The dotted arrow indicates the
time at which the phosphorylation reaction ended (according to B).
From this time onwards, the C;a and C4f signals can be considered
those of [**Cg,D;IG6P and were used in the analysis of [**Cg,D;1G6P
anomeric exchange.
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enzymatic reaction and did not undergo selective anomer
depolarisation (Fig. S1Bt). In the non-selective acquisition
(Fig. 1A, upper panel), the signal of C¢ position showed a higher
level of [**Ce,D,]G6P than [**Ce,D,]Glc already in the first
spectrum. This suggested that a significant proportion of the
reaction occurred during the application of the selective pulses.
Because the anomeric exchange rate of G6P is higher than that
of Glc® and because in the experiments without the enzyme the
C,B signal was fully depolarised, it appeared likely that the C;
observed in this experiment is of [**C4,D,]JG6P and not of
[**Ce,D,]Glec.

The appearance of hyperpolarised C, signal in this experi-
ment and the overall lower intensity of the C; position signals
can be explained as follows. Hyperpolarised [“*C¢,D,]Glc
underwent phosphorylation during the application of the
selective depolarizing pulses on C;B. The C;B of [*C¢,D-]Gle
and of the newly formed [“*Ce,D,]G6P were continuously
depolarised. Due to the anomeric equilibrium of [**Cg,D,]G6P,
the signal of the C;a. position of [**C4,D,]G6P was also affected
as it exchanged with a depolarised position. In agreement, the
signal of the C;B position of [**Ce,D,]G6P exchanged with
a hyperpolarised position and therefore appeared in the
spectra. Thus, this acquisition strategy appeared to be sensitive
to the anomeric exchange of ['*Cg,D,]G6P in real-time. Further
testing and validation of this explanation is provided in ESI S3.7

The decay of the C;a. and C,p signals of ['*Cg,D,]G6P in two
enzymatic experiments (Fig. 1 and ESI S3%) is shown in ESI
Fig. S4A and B,t respectively. These data served to determine
the anomeric exchange rate of [*Ce,D,]G6P using a kinetic
model previously developed to determine reaction rates of
hyperpolarised substrates and products, whereas the respective
NMR signals decay during the reaction according to each site's
specific T;.** Here, the C;o was taken as the substrate and the
anomeric exchange was taken as the reaction leading to C;f8
with a reaction rate constant kowarq- The reverse reaction,
where C;B is converted back to C,a was accounted for in the
kinetic model with a reaction rate constant termed k;cyerse- The
T; of both compounds was fitted simultaneously with the
forward and reverse reaction (anomeric exchange) rates. The
intensities of C;0. and C,B signals of [**Ce,D;]G6P were taken
from the time point at which entire [**C4,D,]Glc pool was con-
verted to ['*Ce,D,]G6P. The results of the fit to the kinetic model
are summarised in the ESI Table S2.f

In these experiments we have shown the ability to detect the
anomeric exchange of ["*Cg,D,]G6P in realtime. The dDNP
hyperpolarisation technology provided the required orders of
magnitude increase in SNR in order to be able to observe the
process quickly and in concentrations that are physiologically
relevant. In addition, the unique ability to quench the signal of
one of the anomers enabled the direct observation of this
process. For Glc, the time required to achieve complete equi-
librium between the oo and B anomers is a few hours.” Therefore,
we could not observe this anomeric exchange process, as the
hyperpolarised measurements can only take place while the
hyperpolarised state of the site of interest exists. For [**Cg,D,]
Glc °C sites, this time window was typically 30-50 s. However,
as the G6P anomeric exchange rate is much faster,>* observing
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its anomeric exchange in real-time was possible using the
current approach. For such a fast anomeric equilibrium the
approach taken here was uniquely useful because it is much
more challenging for observation with conventional assays.

As the anomeric equilibrium of both Glc and G6P has
a preference for the B anomeric form,* we targeted here the
exchange of the o to the p anomer (arbitrarily termed here as the
forward reaction). To this end, the selective pulses were applied
in the C,p frequency (98.6 ppm) and its signal was completely
depolarised. Further consecutive acquisition with hard pulses
enabled visualisation of the exchange of the C;a position into
C:B, but only in the experiments where [**Cq,D,]G6P was
formed and not on [**Ce,D,]Glc solutions without enzymatic
activity.

On hyperpolarised '*C spectra, the signals of [**Cg,D,]Glc
and [**C4,D,]G6P typically overlap, specifically because we could
not use deuterium decoupling. Nevertheless, in a previous
study, these C, signals were discerned using a careful decon-
volution procedure.** Nevertheless, it is not trivial to discern the
newly formed **C signals of [*C¢,D,]G6P in this type of spectra.
To clearly and uniquely observe the anomerization and quantify
the C;-["*C¢,D,]G6P peak integrals we combined the selective
depolarisation approach with a time window selection that was
determined by monitoring the evolution of the C¢ position- for
which the substrate ([**Cg,D]Glc) and the product ([**Ce,D5]
G6P) signals were resolved. The data used for determining the
anomeric exchange process were taken only from those spectra
that did not show the substrate signal, which suggested that the
C, signals were due to G6P only.

As regards to the forward and reverse anomeric exchange
rates (ESI Table S2t), it is interesting to note that the ratio of
these rates was 1.64 £ 0.01 (n = 2). This ratio is in a good
agreement with previous studies performed at thermal equi-
librium on non-deuterated compounds.>* However, the actual
rates are not directly comparable due to differences in experi-
mental conditions.>* Because deuterium substitution may lead
to an isotopic effect - i.e. an effect on metabolic and chemical
exchange rates,* this agreement suggests that the results ob-
tained here are relevant to non-labelled G6P as well. We believe
that using the technique described here the anomerization of
[**C6,D;]G6P in other biological systems and models can be
determined.

The T; of the C; position for the o and f anomers upon
interaction with ca. 5 mg of the hexokinase enzyme was found
to be 10 s (Table S27). This determination is in agreement with
the values determined previously on a similar reaction with
a similar amount of enzyme, at the same magnetic field, but
sampled with hard pulses only and analysed with a kinetic
model that included the phosphorylation reaction rate and not
the anomerization rate.”* This strong similarity further validates
the results of the kinetic model analysis done here. In addition,
upon interaction with a higher enzyme content, the T, values
decreased to ca. 7 s. This trend towards a decrease in T; upon
interaction with the hexokinase enzyme was also observed
previously for this reaction.” The use of a kinetic model that
encompasses freedom for T; of the specific sites and simulta-
neous fit of the substrate and the product decay data enabled
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this determination of the anomerization exchange rate from the
hyperpolarised data.

In conclusion, a methodology for observing the anomeriza-
tion reaction of a stable-isotope labelled G6P in real-time and at
physiological concentrations is presented. To the best of our
knowledge, this is the first report in which the dDNP technology
has been harnessed for researching anomerization reactions.
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