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ABSTRACT: Dissolution dynamic nuclear polarization
(dDNP) is used to enhance the sensitivity of nuclear magnetic
resonance (NMR), enabling monitoring of metabolism and
specific enzymatic reactions in vivo. dDNP involves rapid
sample dissolution and transfer to a spectrometer/scanner for
subsequent signal detection. So far, most biologically oriented
dDNP studies have relied on hyperpolarizing long-lived nuclear
spin species such as '*C in small molecules. While advantages
could also arise from observing hyperpolarized 'H, short
relaxation times limit the utility of prepolarizing this sensitive
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but fast relaxing nucleus. Recently, it has been reported that 'H NMR peaks in solution-phase experiments could be
hyperpolarized by spontaneous magnetization transfers from bound ">C nuclei following dDNP. This work demonstrates the
potential of this sensitivity-enhancing approach to probe the enzymatic process that could not be suitably resolved by *C dDNP
MR. Here we measured, in microorganisms, the action of pyruvate decarboxylase (PDC) and pyruvate formate lyase (PFL)—
enzymes that catalyze the decarboxylation of pyruvate to form acetaldehyde and formate, respectively. While *C NMR did not
possess the resolution to distinguish the starting pyruvate precursor from the carbonyl resonances in the resulting products, these
processes could be monitored by '"H NMR at 500 MHz. These observations were possible in both yeast and bacteria in minute-
long kinetic measurements where the hyperpolarized '*C enhanced, via *C — 'H cross-relaxation, the signals of protons binding
to the C over the course of enzymatic reactions. In addition to these spontaneous heteronuclear enhancement experiments,
single-shot acquisitions based on J-driven '*C — 'H polarization transfers were also carried out. These resulted in higher signal
enhancements of the 'H resonances but were not suitable for multishot kinetic studies. The potential of these 'H-based

approaches for measurements in vivo is briefly discussed.

1. INTRODUCTION

Magnetic resonance (MR) in either its spectroscopic (NMR)
or its imaging (MRI) modalities is a leading method for
characterizing the nature, dynamics, and location of bio-
chemical processes. Despite this versatility, the very low
energies involved in MR mean that only a very small fraction
of the pool of potentially active nuclei—on the order of 10—
100 ppm—gives rise to observable signals. This creates
particular challenges for in vivo MR spectroscopy, which
focuses on measurements of metabolites that are present in the
micromolar to millimolar range. Recent research has demon-
strated that by increasing the nuclear spin polarization from
thermal equilibrium to metastable hyperpolarized states the
sensitivity of NMR and MRI can be increased ca. 10 000—
100000 fold." Such nuclear hyperpolarization methods are
based on the use of electron — nuclear magnetization transfer
by dynamic nuclear polarization (DNP),'* on transferring spin
order to nuclei from para-hydrogen singlet states,” or on
coupling photon polarization with nuclear spin alignment by
optical pumping.* Dissolution dynamic nuclear polarization
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(dDNP), in particular, has emerged in the past decade as
arguably the most general of all these biomolecular methods.
dDNP utilizes the rapid and efficient electron spin polarization
in a high magnetic field at low (~1 K) temperatures and
transfers this polarization, via microwave irradiation, to adjacent
nuclear spins. Once the targeted nuclear spins are hyper-
polarized in the solid state, the sample is rapidly brought to
room temperature by dissolving it with a pressurized,
superheated solvent. The hyperpolarized (HP) sample is then
transferred to a MR scanner for liquid-state measurements and
can, in principle, provide signal-to-noise ratio (SNR) enhance-
ments on the order of the increase imparted onto the nuclear
spin polarization, ie., 10000—100000X. To make such
unprecedented gains compatible with in cell and in vivo
observations, the HP spins have to withstand the polarization
losses associated with their transfer from the cryogenic state
where they are generated to the NMR magnet where they are
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observed. One of dDNP’s weaknesses lies in the T, relaxation
that nuclear spins undergo during this transit between the
polarizing and the observation magnets, which is compounded
by the paramagnetic relaxation effects of the free-radical
polarizing agent. Adding to these losses, particularly in vivo,
will be the additional delay resulting from the time taken for the
polarized substrate to reach the tissue of interest and for its
subsequent metabolism. Consequently, most in vivo dDNP
studies focus on hyperpolarizing nuclei with low gyromagnetic
ratios y possessing relatively long T relaxation times, such as
nonprotonated "*C or N in small molecules. Clearly, however,
advantages could also result from observations based on
hyperpolarizing and observing high-y nuclei, such as 'H. Since
for a given field and polarization level the signal detected by
NMR’s inductive method is proportional to Iyl the y'H/y"3¢
ratio of 4 predicts a roughly 16-fold gain in signal intensity.”
While this gain will be moderated by a concomitant increase in
spectral noise with frequency, the fact that 'H-observation
hardware is the most widely available and, arguably, the most
mature of all in vivo MR technologies, could further enhance
these observations. Lastly, instances may arise where 'H-based
observations provide a better chemical discrimination than "*C-
based ones.

Despite these considerations, 'H-based hyperpolarized MR
observations are challenged by short relaxation times T,"
leading to the depolarization. Still, it has been shown that
polarized water can be used to enhance the sensitivity of NMR
on unfolded peptides,’ and also for 'H MR angiography.”
Another possible solution to the problem of a short T;" rests in
“storing” the hyperpolarization in a nuclear spin state with a
slow relaxation time, for instance, in long-lived singlet spin
states, shown to be accessible in certain systems involving two
coupled spin-1/2 nuclei.® Yet another 'H-enabling approach
relies on imparting hyperpolarization on a slowly relaxing, low-y
nucleus, and then enhancing the 'H MR signal by transferring
polarization to the latter from the low-y species using a suitable
pulse sequence such as INEPT.” Unless special precautions are
taken, however,”"'® this will deplete the hyperpolarization of
the low-y nucleus in a single acquisition, thereby limiting the
usefulness of this approach for following kinetics.

Recently, spontaneous enhancements in solution-phase 'H
NMR of hydrogens covalently bound to HP "*C spins have
been reported.'’ Heteronuclear cross-relaxation effects arising
in rapidly tumbling small molecules were identified as the
mechanism responsible for this *C — 'H polarization transfer.
The fact that in these experiments hyperpolarization can be
stored in a relatively slowly relaxing "*C nucleus that will then
share, over a tens-of-seconds time scale given by T, its
hyperpolarization with a neighboring 'H, opens the possibility
of using the latter signals to monitor enzymatic turnover. This
could, in turn, facilitate monitoring metabolic processes with
the sensitivity of '"H NMR using the more widespread, single-
channel hardware available in 'H MRI for in vivo detection.
This approach may also improve spectral resolution, partic-
ularly in cases where the enzymatic transformations involve the
addition of a hydrogen atom. Two such processes are
demonstrated in the present work, both in vitro using solutions
of purified enzymes, as well as in suspensions of intact cells.
The starting substrate in these two studies was HP ["*C]-
pyruvate, a metabolite whose cell biochemistry lies at the
interface between catabolic and anabolic metabolism. The
enzymatic processes targeted were (i) the production of
acetaldehyde following the addition of HP [U-*H,2-"C]-

pyruvate to samples containing purified pyruvate decarboxylase
(PDC) from S. cerevisiae and to S. cerevisiae cultures fermenting
glucose, and (ii) the generation of formic acid due to the
activity of pyruvate formate lyase (PFL), measured in cultures
of anaerobic E. coli following the addition of HP [1-"C]-
pyruvate. Although metabolic fluxes from pyruvate to
acetaldehyde in S. cerevisiae'” and of pyruvate to formate in
E. coli'’ have been recently measured using dDNP-
enhanced’C NMR in vitro, close signal proximity or overlap
between the metabolic products and their direct precursors
complicated these measurements in vivo, where the resonances
are often broader. For example, the close proximity of the
relatively weak HP [1-"*CJacetaldehyde peak to the peak from
its precursor, HP [2-*C]pyruvate, prevented reliable assign-
ment of the former resonance in a model using transgenic PDC
from Z. mobilis (zmPDC) as a reporter gene for dDNP *C
MR."* The present HP 'H NMR study demonstrates that both
spontaneous and INEPT-driven *C — 'H polarization
transfers provide a clear 'H signature of these enzymatic
processes. The usefulness of these experiments was further
evaluated by comparisons against '*C-detected dDNP NMR
measurements.

2. MATERIAL AND METHODS

2.1. Pyruvate Decarboxylase (PDC) Preparation. A stock
solution of S. cerevisiae pyruvate decarboxylase (Sigma) was prepared,
containing approximately 90 units/mL with 1 mM Mg*" and 25 uM
thiamine pyrophosphate (TPP). Twelve units of this PDC stock
solution were added to 50 mM citrate buffer, pH 6.0, supplemented
with approximately 4 mM MgCl, and 2 mM TPP and maintained at
310 K for NMR experiments aimed at comparing INEPT-driven
polarization transfer with spontaneous *C — 'H transfers. One unit of
the PDC stock solution dissolved in 100 mM phosphate buffer (pH
7.0) and maintained at 293 K was used for the kinetic measurements.
Per definition, one unit of PDC converts 1 umol of pyruvate to
acetaldehyde per minute at 298 K and pH 6.0; it would therefore
catalyze a steady state flux of approximately 16.7 nmol s™" or ca. 28
UM s7! for the 600 uL volumes typically used in the experiments
described here.'®

2.2. Media and Growth Conditions. Optical densities were
measured at 600 nm (ODgy) using an Ultrospec 10 (Amersham
Biosciences, Cambridge, UK) cell density meter. Cultures of the S.
cerevisiae strain BY4743 were grown in yeast extract peptone dextrose
(YPD) medium in an orbital incubator (MRC Ltd., Holon, Israel) at
200 rpm and 30 °C. For the NMR experiments batch cultures of 150
mL of YPD, inoculated from overnight starter cultures to an ODgyy ~
0.10, were grown to midexponential phase. A 25 mL sample of this
culture (ODgyy = 2.10) was then harvested by centrifugation for S min
at 6000g and room temperature. The supernatant was discarded, the
pellet was resuspended in 5 mM sodium acetate buffer in 0.9% saline
solution (pH = 4.5), and the cells were then centrifuged again for S
min at 6000, resuspended in 40 mM HCI—KCI buffer (pH = 2.0), and
immediately used in MR experiments.

Cultures of the E. coli strain MG165S were inoculated from an agar
plate into 10 mL of LB Lenox medium and grown overnight in an
orbital incubator at 200 rpm and 37 °C. The next day a starter culture
was used to inoculate a Bioflo 110 fermenter (New Brunswick
Scientific, Enfield, CT) containing 900 mL of M9ZB medium (6 g/L
Na,HPO,, 3 g/L KH,PO, S g/L NaCl, 1g/L NH,CI, 025 g/L
MgSO,-7H,0, 10 g/L casein peptone, and 5 mg/L vitamin Bl, pH =
7.1) supplemented with 0.2% sodium pyruvate and 0.2% glucose. The
culture was grown in batch mode at 37 °C with continuous mixing at
250 rpm. Anaerobic conditions were maintained by bubbling a 9:1
mixture of nitrogen and carbon dioxide through the culture at 2.7 L/
min. A 20 mL sample of the culture grown to midexponential phase
(ODgyp = 2.60) was centrifuged at room temperature for S min at
6000g. The supernatant was discarded, and the cell pellet was
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Figure 1. '"H dDNP NMR measurements of PDC activity. (a) Reaction catalyzed by PDC, showing the *C and 'H NMR chemical shifts (in ppm)
of the indicated nuclei. (b) '*C-enhanced 'H acquisitions resulting from the application of a 90°-shaped pulse centered on the acetaldehyde proton
resonance. The right-hand panel shows an array of 22 spectra acquired after the addition of HP [2-"*C]pyruvate (TR = 4 s). A thermally polarized
TPP cofactor resonance appears with opposite phase.''® (¢) Spectra acquired under the same conditions as in b but using the reverse INEPT pulse
sequence shown on the left (TR = § s). All acquisitions started 12 s after the addition of S0 mM HP sodium [U->H;,2-"*C]pyruvate to samples of the
purified enzyme (12 U PDC in S0 mM citrate buffer, pH = 6.0, 310 K).

resuspended in 40 mM HEPES buffer, pH 7.4, and immediately used
in MR experiments.

2.3. Dissolution Dynamic Nuclear Polarization. For dDNP, 40
mg of sodium [U-*H;,,2-"*C]pyruvate (see Supporting Information 1
for deuterium enrichment of commercially available sodium [2-"*C]-
pyruvate) was dissolved in 60 uL of D,O and mixed with 40 uL of a
solution containing 37.5 mM of Ox063 trityl radical (GE Healthcare,
Little Chalfont, UK) dissolved in anhydrous glycerol. Gadoteric acid
(DOTAREM; Guebert, Roissy, France) was then added to a final
concentration of 15 mM. [U-H;,2-"*C]pyruvic acid or [1-"*C]pyruvic
acid was hyperpolarized by dissolving Ox063 to 15 mM in neat
solutions of these self-glassing metabolites. These solutions were
cooled to 1.3 K and polarized in a 3.35 T Hypersense (Oxford
Instruments, Abingdon, UK) using 100 mW microwaves at the
appropriate frequencies. After approximately 120—150 min of
irradiation, the samples were rapidly dissolved in buffers that had
been preheated to 180 °C and pressurized to 10 bar. These dissolution
buffers included S0 mM citrate at pH = 6.0 or 100 mM sodium
phosphate buffer for experiments with purified PDC (see below), 40
mM HCI-KCI buffer at pH 2.0 for experiments with S. cerevisiae cell
suspensions, and 40 mM HEPES containing NaOH for experiments
with E. coli cell suspensions. Approximately S00 uL of the dissolved
samples was injected into the NMR tube containing either PDC or the
cell suspensions. An automatic device for sample transfer using
gradients of gas pressure'®'” was employed to deliver a reliably preset
volume of the HP sample into a NMR tube, which had been preloaded
with the enzyme solution or cell suspension to be analyzed and placed
inside the NMR magnet. This Arduino-controlled device effectively
prevented bubble formation in the sample, and allowed NMR
measurements on thoroughly mixed sample solutions to begin with
high reproducibility as early as 3 s after dissolution. The final
concentration of HP [U-*H;,2-"*C]pyruvate was 15 or 6 mM for the in
vitro PDC experiments, 6 mM [U-*H;,2-"*C]pyruvic acid for the S.
cerevisiae experiments, and 6 mM [1-CJpyruvate for the E. coli
experiments.

2.4. NMR Spectroscopy. An 11.7 T (500 MHz 'H) Inova
medium-bore NMR spectrometer (Varian, Palo Alto, CA) equipped
with a S mm triple-resonance HCN NMR inverse probe with x—y—z
gradients or with a single-gradient 5 mm double-resonance direct-
detect HX probe, were used for the 'H and *C NMR measurements,
respectively. "H NMR spectra were acquired using a 3-lobed sinc pulse
exciting an 800 Hz bandwidth and centered at the 'H frequency of
either the acetaldehyde or the formate resonance (9.71 or 8.44 ppm,
respectively) targeted depending on the experiment. These sinc pulses
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were tuned to give 90° nutations when comparing the efficiencies of
the spontaneous vs the INEPT transfers in the in cell experiments or
to 30° nutations when performing the kinetic measurements. For the
spontaneous transfer experiments repetition times (TR) were set to 3
or 4 s, as specified below. INEPT spectra were recorded by transferring
the *C hyperpolarization to the 'H of acetaldehyde using a reversed
refocused INEPT sequence'® based on a Jo; = 177 Hz. This coupling
constant was measured independently by 'H NMR on a 1.0 M
acetaldehyde solution in 50 mM sodium citrate buffer. Sinc-shaped 'H
selective pulses were also used in these INEPT experiments with a TR
= §'s. To ensure full suppression of both water and nonhyperpolarized
'H background, a gradient-based saturation block of 90°—180°—180°
'H pulses followed by triaxial gradient pulses (5 ms) with different
directions and intensities, was applied before the polarization transfer
process. dDNP 3C spectra were acquired using a single transient
pulse/acquire experiment with a 12° flip angle pulse and TR = 3 s. In
addition, "H NMR spectra of midexponential phase E. coli cell samples
were collected S min after the addition of thermally polarized
[1-BC]pyruvate; these were acquired using a 4 s, on-resonance water
presaturation pulse during the relaxation delay, 90° pulses, and 64
transients.

NMR spectra were obtained by weighting the time-domain signals
with a 1—10 Hz apodization filter for the 'H acquisitions and a 1 Hz
apodization for the C acquisitions followed by Fourier trans-
formation and phasing. All these procedures were performed using
custom-written Matlab routines (The Mathworks Inc., Nantucket,
USA).

3. RESULTS
3.1. Characterizing PDC Activity by 'H NMR. PDC

catalyzes the first reaction in the two-step pyruvate —
acetaldehyde — ethanol conversion (Figure la). The latter
step—the reduction of acetaldehyde to ethanol and reoxidation
of NADH—is catalyzed by alcohol dehydrogenase and
regenerates NAD*, an electron acceptor essential in the early
steps of glycolysis.'” As the '*C chemical shift difference
between [2-"*C]pyruvate and [2-"*CJacetaldehyde is less than 2
ppm, detection of this reaction in vivo by *C dDNP NMR has
been challenging.”® By contrast, the new 'H resonance arising
at ~9.7 ppm as a result of pyruvate decarboxylation is readily
detectable, as confirmed by injection of hyperpolarized
[U-H,,2-*C]pyruvate into solutions of purified PDC from S.
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Figure 2. In vitro C NMR measurements of PDC activity. Spectra were acquired ca. 1 s after the rapid addition of 6 mM HP
[U-H,,2-3C]pyruvate to a sample of purified enzyme (2 U PDC in 50 mM citrate buffer, pH = 6.0, 310 K). (a) Array of 34 '*C spectra collected
with TR = 22 s; (inset) pyruvate/acetaldehyde carbonyl resonances in the summed spectra, with a marker indicating the J splitting in
acetaldehyde. (b) Time dependence of the integrated pyruvate and acetaldehyde "*C signal intensities, normalized to the maximum pyruvate signal

(the acetaldehyde signal intensity was multiplied by 20X).

cerevisiae. '"H NMR spectra recorded using a shaped 90°
excitation centered on the acetaldehyde resonance show a
substantially enhanced 'H signal. This signal arises from [1-'H,
2,2,2-*H,,1-"*CJacetaldehyde (Figure 1b) due to a spontaneous
BC — 'H polarization enhancement from the hyperpolarized
precursor and appears split due to a Jcy = 177 Hz coupling with
the C. A 'H peak arising from TPP’s thiazole ring is also
detectable due to the relatively high (2 mM) concentration of
the cofactor in this experiment. This peak possesses an opposite
phase as the acetaldehyde resonances due to our choice of
hyperpolarizing the pyruvate at @,—w., which leads to
antipolarization of the 'H nucleus. Moreover, the TPP signal
remains constant over time, while the acetaldehyde 'H intensity
decays into the noise background due to it’s progressive loss of
hyperpolarization. Indeed, no acetaldehyde 'H signal could be
observed on this time scale when using a thermally polarized
substrate (data not shown). Notice that despite our use of 90°
excitation pulses, the DNP-enhanced single-shot 'H signal is
observable for over 80 s; this is much longer than the usual T,"
and reflects a signal decay dictated by the T; of the "*C. Notice
as well the unequal intensity of the J-coupled doublet, reflecting
the effects of the cross-correlated dipolar/chemical-shift
anisotropy relaxation driving the spontaneous *C — 'H
polarization transfer."' Repetition of this experiment using a
reversed INEPT sequence transferring polarization from the
3C to the 'H via J couplings (Figure 1c) leads to a substantially
higher SNR when compared to the spontaneous polarization
transfer: SNRs of 195 and 15 are observed for the first 'H scans
of these acquisitions, respectively. However, while INEPT
transfers the full [1-'*CJacetaldehyde polarization in one shot,
the cross-relaxation effect enables the detection of an enhanced
"H signal over numerous repetitions (Figure 1b). Kinetic results
are also available from dDNP *C NMR, whose spectra show
the build-up and decay of the acetaldehyde signal starting 3 s
after injection of 6 mM HP [U-’H,,2-"*C]pyruvate (Figure 2).
The slow decay of this resonance is consistent with the
spontaneous BC - 'H polarization transfer shown in Figure
1b. Note that although the pyruvate 2-">C resonance can be
distinguished from its "H-coupled [1-'*CJacetaldehyde counter-
part in this in vitro *C NMR experiment, such resolution will
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not generally be achievable in vivo."* No such limitation arises
for the "H-based detections.

The cross-relaxation-driven 'H-detected experiments enabled
the acquisition of time-resolved spectroscopic data displaying
both a build-up and a decay of the acetaldehyde signals (Figure
1b). In the set of experiments illustrated in Figure 3, HP
[U-*H,,2-Clpyruvate was injected automatically at two
different concentrations (15 and 6 mM) into separate samples
containing 1 unit of PDC activity. The acetaldehyde 'H
resonance showed a signal build up for ca. 20 s, followed by
~100 s of signal decay (Figure 3b, blue trace). The maximum
intensity of the acetaldehyde signal in the experiment using 15
mM pyruvate was observed approximately 8 s earlier than the
maximum recorded with 6 mM pyruvate. This may reflect
changes in the Ts of the various chemical species upon
changing the amount of injected HP pyruvate preparation, as
these changes would also alter the concentration of the radical
and thereby the metabolites’ relaxivities (Figure $2).*' The
acetaldehyde 'H signal kinetics can be modeled using equations
derived from the Bloch—McConnell formalism of chemical
exchange.”” This signal intensity will depend on its rate of
production from [1-'*CJacetaldehyde via a *C — 'H cross-
relaxation process occurring at a rate constant k..q and on
dissipative processes arising from T;" relaxation and from
repetitively exciting the 'H polarization. At the same time the
[1-"*CJacetaldehyde polarization will increase due to the
irreversible conversion of [2-'*C]pyruvate into acetaldehyde
at a rate kq. determined by the kinetic properties of PDC. The
BC magnetizations of [2-*C]pyruvate and [1-"*C]acetaldehyde
will in turn decay at rates determined by their individual T,s
but will not be depleted by excitation. Referring to MSPY,
MS*® and ME*** as the magnetizations of the species just
alluded, given by the products of their respective polarizations
and concentrations, the effects of these rates on the NMR
signals can be described as

AMEPT Cpyr
z - _ Mz _ k .MC,pyr
S pyr pde 7z
dt T, (1)
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Figure 3. '"H NMR measurements of k.o the apparent rate constant
describing the conversion of pyruvate to acetaldehyde catalyzed by
PDC. Spectra were acquired using 30°-shaped 'H pulses, following
addition of HP [U-?H,,2-"*C]pyruvate to a sample containing purified
PDC (1 unit in 100 mM phosphate buffer, pH = 7.0, 293 K). (a) Array
of 40 'H NMR spectra (TR = 4 s) acquired following the addition of
15 mM "C-hyperpolarized pyruvate. (b) Integrated intensity of the
'H acetaldehyde signal after injection of 15 (blue) and 6 mM (red) HP
[U-*H,,2-3C]pyruvate. Dashed lines show the maximal acetaldehyde
signal intensities. (c) Fits (solid lines) of the integrated acetaldehyde
signal intensities (symbols), normalized to the total thermal signal
acquired 30 min after the injection, obtained following addition of 15
(top) and 6 mM (bottom) hyperpolarized [U-2H,,2-"*C]pyruvate. Fits
were obtained as described in the text (see Supporting Information 2

for further details).

C,acet c,acet
sz _ _Mz + k 'MC,pyr —k MC,acet
d - Tc,acet pdc *z x—rel* "z
t ) (2)
H,acet H,acet
sz =k _MC,acet _ Mz _ (1 — COs 0)
= Px—rel Mz H,acet
dt T TR
A MZH, acet ( 3)

Here 0 is the 'H excitation pulse angle, TR is the repetition
time, and TP, Ty*, and T}***" are the longitudinal relaxation
times of [2-"*Clpyruvate, [1-'*CJacetaldehyde, and [1-'H]-
acetaldehyde, respectively. With these parameters and setting
MEPY (£=0) = Polarizationp,, X [Pyr],, ME* (+ = 0) = 0 and
Mt (t = 0) = 0 as the initial starting conditions, these
differential equations were solved for k.4 as a function of
[Pyr],, The "C relaxation times of [2-"*CJpyruvate and
[1-CJacetaldehyde following the injection of 6 mM HP
pyruvate were assumed to be equal to those measured
previously under similar conditions but in the absence of the
Ox063 trityl radical. These previous measurements gave T’s of
29.5 and 11.5 s, respectively.'* The acetaldehyde 1-'H T, was
estimated to be 5.0 s, and k,_,; was set to 0.1 Hz on the basis of
previous observations of this phenomenon in small mole-
cules."’

A closed form solution of eqs 1—3 (see Supporting
Information 2) indicates that even with all relaxation
parameters known, fitting the HP 'H-acetaldehyde signal
intensities over time can only provide the k. X M (t =
0) product. Figure 3c shows the resulting kinetic analyses of the
acetaldehyde 'H signal evolution at two different substrate
concentrations, where the acetaldehyde signal was normalized
to the thermal signal recorded using a 90°-shaped pulse 30 min
after the HP substrate injection. Assuming that this long-term
thermal 'H signal is proportional to the initial pyruvate
concentration, this should eliminate the [Pyr], parameter from
the fitting of kg, X MSP, The data then reveal a 14% increase
in the kyq. X MZP" (t = 0) term upon increasing [Pyr], from 6
to 15 mM. Assuming that in these measurements the
polarization enhancement at the time of injection into the
NMR tube was constant between experiments and on the order
of ~8000X the thermal signal, the apparent initial first-order
rate constant, k.4, describing the conversion of pyruvate to
acetaldehyde can then be estimated to be 2.2 X 107*s™" at 6
mM and 2.5 X 107* 57! at 1S mM HP pyruvate, respectively.
With these assumptions the enzymatic flux (kpdc X [pyruvate])
can be estimated, giving 1.3 and 3.8 uM s~ at the initial HP
pyruvate concentrations of 6 and 15 mM, respectively.
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Figure 4. "H NMR measurements of acetaldehyde production in a sample from a midexponential phase S. cerevisiae culture. (a) 'H spectra acquired
starting 24 s after the addition of 6 mM HP [U-*H,,2-"*C]pyruvic acid in HCI-KCI buffer, pH = 2.0, using a 90° acetaldehyde-selective 'H pulse, TR
=3 5. (b) Sum of the 6 spectra presented in a, showing a J doublet whose asymmetry originates in the cross-relaxation dynamics.''* (c) Time
dependence of the integrated acetaldehyde doublet signal intensities, normalized to the maximum acetaldehyde signal; all measurements were made

at 310 K.
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Figure 5. NMR measurements of formate production from [1-'*C]pyruvate in samples of midexponential phase E. coli cultures. (a) Reaction
catalyzed by PFL, indicating the '*C and 'H NMR chemical shifts of the detected nuclei. CoA: coenzyme-A. (b) 'H NMR spectrum of a sample from
a midexponential phase culture of E. coli, acquired with water presaturation, 5 min after the addition of 6 mM thermally polarized [1-'*C]pyruvate.
Methyl peaks of acetate and pyruvate are indicated, while the inset shows an expanded region containing the formate 'H resonances. (c) Array of 40
"H NMR spectra acquired from the downfield formate 'H peak following the addition of 6 mM HP [1-'*C]pyruvate using a selective (800 Hz
bandwidth) 90° pulse, TR = 3 s. The inset, which shows the sum of the first 20 spectra, highlights the formate 'H resonance split by the '*C and
asymmetric due to the *C — 'H cross relaxation dynamics."'® (d) Time dependence of the integrated 'H signal intensities from '*C-formate. (e)
Sum of the first 40 "*C spectra acquired after addition of 6 mM HP [1-*C]pyruvate to a sample of the bacterial cell culture; flip angle = 12°, TR = 3
s. (f) Time dependence of the integrated *C signal intensities from [1-'*C]pyruvate (blue) and ["*C]formate (red) in spectra acquired as described
in c. Cultured cells were resuspended in 40 mM HEPES buffer, pH = 7.4 and maintained at 310 K throughout these measurements. Signals in d and f

are shown normalized to their maximum intensities.

Reported substrate concentration/enzyme velocity relation-
ships for PDC extracted from S. cerevisiae predict steady-state
fluxes in the 6—18 uM s~' range under similar conditions (100
mM inorganic phosphate concentration, pH = 6.0)."> Given the
differences between those extract experiments and the present
dDNP runs, this represents a reasonable agreement between
the flux values.

3.2. 'TH NMR Detection of PDC Activity in S. cerevisiae
Cell Suspensions. 'H-based measurements of PDC activity
using HP [U-*H,,2-"*C]pyruvate were also explored in intact S.
cerevisiae cells. Cells were harvested by centrifugation (10 min
at 5000g) at midexponential phase growth and incubated in $
mM acetate buffer in 0.9% saline (pH = 4.5) solution for 10
min; they were then reharvested and resuspended in KCI-HCl
buffer (pH 2.0), and the production of [1-'H, 2,2,2-*H,,1-"*C]-
acetaldehyde was observed by "H NMR following the addition
of 6 mM HP [U-’H,2-"*Clpyruvic acid. Figure 4 shows
representative spectra acquired from these cell suspensions for
approximately 1 min following substrate injection using
selective 90° 'H pulses (TR = 3 s). In experiments with
thermally polarized pyruvate and natural abundance "*C this 'H
signal appeared transiently approximately 2—3 min after
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substrate addition, but no signals were observed on the
initial-rate time scale of the dDNP experiments (data not
shown).

3.3. "H NMR Detection of PFL Activity in Intact E. coli.
The production of ["*Clformate from HP [1-'*C]pyruvate
catalyzed by pyruvate formate lyase (PFL, Figure Sa) can also
be conveniently detected via transfer of polarization from
hyperpolarized C to 'H. PFL activity is essential under
anaerobic conditions, as reflected by the >12-fold increase in its
expression and increased post-translational activation in
anoxia.”’ The acetyl-CoA produced by PFL can be further
metabolized to ethanol or acetate, reoxidizing NADH to NAD,
thus helping to maintain redox balance or increasing ATP yield,
respectively.”* The second product of this enzyme, formic acid,
can be slowly metabolized further, depending on culture
conditions; typically, however, it accumulates, together with
ethanol and acetate, as the end product of glucose
fermentation.”* The 'H spectrum of E. coli recorded 5 min
after the addition of thermally polarized 6 mM [1-"*C]pyruvate
at pH = 7.4 (Figure 5b) displays three formate-related peaks: a
doublet from ["*C]formate (with Joy; = 196 Hz) produced from
the '*C-labeled pyruvate and a singlet from [?C]formate
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produced from carbon sources not enriched in '*C. Formate
production was also observed within seconds by the appearance
of this downfield "H NMR doublet after addition of 6 mM
hyperpolarized [1-"*C]pyruvate to a sample of E. coli cells from
a midexponential phase culture (Figure Sc). The increased
sensitivity resulting from hyperpolarization allowed PFL activity
to be measured in these intact cells (Figure 5d). Again, the 'H
polarization enhancement persisted for a period that was well
over an order of magnitude longer than the T,". The clear
resolution of these 'H resonances contrasted with the much
poorer resolution of the *C spectra, which showed overlap
between the 'C resonances of ['*C]formate and [1-BC]-
pyruvate (Figure Se). The downfield peak of the formate
doublet was detectable at 6 = 174 ppm, while the upfield
component (8 = 172.4 ppm) overlapped the pyruvate peak (§ =
172.5 ppm). Kinetic analysis based solely on the downfield *C
resonance showed a maximum formate signal intensity at ~20 s
after pyruvate injection (Figure Sf) as compared to a peak at
~40 s when formate was detected via the 'H spectrum (Figure
5d). This faster apparent rate in the directly detected *C
experiment when compared to the indirectly detected 'H
experiment reflects the different T)’s of the reactant and
products, as can be appreciated by the simulated evolutions
shown in Figure S3.

4. DISCUSSION

While dDNP has been used mainly with direct detection of
hyperpolarized '3C- or 'SN-labeled metabolites,””*>*® the
present work investigated the potential of detecting a
hyperpolarized *C label via its transfer to 'H. Enhancement
of the "H signal via *C polarization transfer overcomes a main
limitation of hyperpolarized "H MR: namely, short 'H T}s. In
general, owing to their larger spectral dispersion and narrower
spectral lines, *C NMR detection of hyperpolarized "*C-
labeled metabolites should be more useful than 'H detection.
Furthermore, in contrast to '"H NMR, *C NMR does not have
to deal with background signals from endogenous metabolites
or with an intense water resonance. However, as demonstrated
here, in some cases considerable advantages can result from
transferring hyperpolarization from *C to 'H and then
detecting the latter. In the specific examples shown, observing
the 'H signals of labeled acetaldehyde and formate eliminated
3C spectral overlap problems between the precursors and the
products in these reactions. Indeed, while the [1-13C]-
acetaldehyde doublet could be resolved from [2-'*C]pyruvate
signal at high magnetic field in vitro (Figure 2a and ref 12),
reliable assignment of the former resonance was difficult in in
vivo MR experiments, which typically have wider lines."* Even
more challenging becomes then the selective excitation of the
products while preserving the reactant’s hyperpolarization, as is
often desirable in HP NMR. Consequently, 'H-based detection
may better suit the measurement of flux in these reactions. We
further confirmed this with in vivo experiments on cells
expressing a transgenic zmPDC reporter gene, whose
metabolism could be followed by 'H NMR but not via *C
when HP [2-"Clpyruvate was used as substrate (see
Supporting Information 3 and ref 14 for further details).
Heteronuclear *C — 'H polarization transfers had been
previously exploited in static *C—"H pairs, devoid of chemical
conversions.”"'"*” This study demonstrates that the same
mechanisms can be used to enhance the 'H signals of metabolic
products produced in situ in either test tubes or intact cells. In
the enzymatic reactions studied here, the formation of new

covalent bonds between the hyperpolarized '*C nucleus and
'Hs in both acetaldehyde and formate allowed us to transfer
hyperpolarization by either J-driven sequences or by sponta-
neous cross-relaxation. Features favoring the execution of such
reversed INEPT experiments include (i) the possibility to
transfer HP between heteronuclei multiple bonds away,”™#*’
something that cross-relaxation would be very inefficient at
doing, (ii) the possibility of incorporating coherence-selection
field gradients to efficiently eliminate background 'H signal of
endogenous metabolites (as illustrated by the absence of the
pronounced TPP signal present in the conventional 'H
spectrum, Figure 1b), and (iii) the possibility of delivering 'H
NMR spectra with approximately an order of magnitude greater
SNR than those achieved via the cross-relaxation effect, which
can be seen by comparing Figure 1b and Ic. Further, neither "H
NMR enhanced by cross-relaxation nor direct *C detection
using a low flip angle excitation allowed detection of the activity
of transgenic zmPDC expressed by HEK293T cells in vitro
(data not shown). 'H-detected INEPT, however, allowed
detection of the acetaldehyde produced from the injected HP
pyruvate (Figure S1). This strong signal enhancement achieved
by the reversed INEPT experiment comes in part at the
expense of depleting all of the "*C polarization in a single
acquisition. Lower amounts of polarization transfer can be
delivered by the INEPT sequence;gd’10 however, complex
procedures are then needed to avoid waste of the hyper-
polarization. A possible route to preserve the bulk "C
hyperpolarization while using INEPT could also involve relying
on sequences that selectively excite the product C while
carefully avoiding excitation of the reactant '*C resonance(s);
to our knowledge this approach has not yet been demonstrated
in vivo.

On the other hand, as in the spontaneous transfer the HP
BC is not excited, the enhanced 'H signal can be acquired
repeatedly over a time period governed by T, rather than by
T,". This allowed us to quantify acetaldehyde’s formation from
pyruvate, as catalyzed by PDC. "H NMR spectra were then
modeled using simple kinetics to extract k,q, the first-order rate
constant describing this process (Figure 3). Phosphate buffer
(100 mM) was used to increase the Ky of PDC for pyruvate,"
which was added to initial concentrations of 6 and 15 mM.
Decreasing the total PDC activity in the sample by reducing the
amount of enzyme from 12 to 1 U and deviating slightly from
the optimal pH (from pH = 6.0 to pH = 7.0°°) eliminated the
potential of substrate depletion during the experiment that
could affect the level of enzyme saturation with the substrate.
Still simulated evolutions of the pyruvate and acetaldehyde
magnetizations (not shown) revealed that under conditions
affording maximum PDC activity, the parameter limiting the 'H
acetaldehyde signal formation will be the rate of polarization
transfer: under optimal conditions k4 is simply too fast vis-a-
vis k. to reveal changes arising upon modulating substrate
concentration.

Notably, the maximum acetaldehyde signal intensity in these
experiments was recorded ~8 s earlier at an initial HP pyruvate
concentration of 15 mM, in comparison to that recorded with 6
mM HP pyruvate (Figure 3). This did not reflect
reproducibility issues, which were minimized by our use of an
automatic sample transfer device, nor changes in k4. Rather, it
likely reflected changes in the T)’s of the species in chemical
exchange, a consequence of the different final concentration of
the polarizing radical between these experiments”' (see Figure
S1). Had all the NMR parameters been known, the kinetic
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analysis would have delivered quantitative values for the
enzymatic rate. While this knowledge was available for the
relaxation and pulse parameters within fairly narrow ranges, the
degree of "*C hyperpolarization achieved during these measure-
ments could only be estimated within a factor of ~2. Using a
reasonable estimate of the '*C hyperpolarization (8000x) the
enzymatic flux was valued at 1.3 and 3.8 uM s™" at 6 and 1S
mM HP pyruvate, respectively. These flux estimations are on
the same order of magnitude as fluxes reported in the literature
under slightly different conditions; moreover, their relative
change upon increasing pyruvate concentration from 6 to 15
mM also compares very well with that predicted by the
literature." This confirms the usefulness of spontaneous *C —
'H polarization transfers for real-time measurements of fast
enzymatic reactions and fluxes.

The same process was explored in S. cerevisiae. Although
these microorganisms can be grown on pyruvate as the sole
source of carbon,” pyruvate does not permeate the plasma
membrane during glucose fermentation.”® Undissociated
pyruvic acid, however, rapidly crosses the plasma membrane
of glucose-fermenting S. cerevisiae.””® Consistent with this, a
recent dDNP "*C NMR study demonstrated rapid diffusion of
undissociated HP [1-"*CJacetic acid into glucose-fermenting S.
cerevisiae, a process which was favored by a low extracellular
pH."” Once inside of the cell, pyruvic acid is rapidly
decarboxylated by cytosolic PDC, a process which is
pronounced during the exponential stages of cell growth.’®
The product, acetaldehyde, is present in a low steady state
concentration, and under normal physiological conditions it is
rapidly reduced to ethanol. Acetaldehyde accumulation in S.
cerevisiae cultures has been observed with acidification of the
cytosol,'” which has been attributed to inhibition of alcohol
dehydrogenase combined with a shift in cytosolic pH to values
closer to PDC’s pH optimum of 6.0.”**" This is consistent with
the experiments illustrated in Figure 4, where a relatively weak
acetaldehyde 'H signal was transiently observed in midexpo-
nential yeast cultures after incubation in acetate buffer at pH =
4.5 following exposure to HP pyruvic acid.

The wider applicability of spontaneous polarization transfer
for investigating cell metabolism was demonstrated with E. coli
investigations on the activity of PFL. PFL rapidly metabolizes
pyruvate in anaerobic E. coli cultures, a process that is
particularly pronounced when pyruvate is the main carbon
source.” Flux of HP ["*Clglucose to ['*C]formate via
[Clpyruvate has been measured with dDNP *C NMR at
all growth phases of E. coli culture.”> Consistent with these
previous reports, we observed the rapid uptake and breakdown
of pyruvate as a pronounced 'H signal from formate (Figure Sc
and 5d). In contrast to the relatively weak acetaldehyde signal
detected in S. cerevisiae cultures after the addition of HP pyruvic
acid (Figure 4), the build-up and decay of the formate signal
could be observed on a single, scan-by-scan basis (Figure Se).
This higher SNR is explained by the rapid uptake of pyruvate
and the accumulation of formate as a metabolic end product,
characteristic of anaerobic E. coli cells. Further, the accumu-
lation of acetaldehyde, a potent mutagen and cross-linking
agent,” is generally prevented by its rapid metabolism within
the cell. Consistent with this, measurements of *C flux
between HP [1-'*CJethanol and [1-'3C]Jacetate in mouse liver
showed no evidence of the [1-'*C]acetaldehyde intermediate.*’
From the point of view of cell physiology, the significantly
higher surface-to-volume ratio displayed by E. coli in
comparison to S. cerevisiae and to human embryonic kidney
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cells would also be expected to facilitate a higher cell
permeability to the substrate; this is consistent with the results
shown here. Finally, the fact that pyruvate’s T,“" is longer than
its T,“?'* may also have modestly contributed to the superior
SNR obtained in the E. coli experiments.

5. CONCLUSIONS

This work showed that '*C-based dDNP combined with
spontaneous or J-driven polarization transfers can be used to
monitor metabolic pathways in living cells by 'H NMR.
Although a similar potential based on *C NMR/MRI has
already been demonstrated,” approaches based on 'H
detection may have advantages in terms of spectral resolution,
better and more widely available detection hardware, and an
increased sensitivity providing improvements in image
resolution. The spontaneous transfer approach, in particular,
enables the detection of hyperpolarized 'H signals without
demanding chemical manipulations of the probe immediately
prior to the experiment”*”*”** or modifications of the original
dissolution method.®” All this could lead to a more widespread
use of dDNP in a clinical setting, where hardware and
sequences are optimized for 'H imaging and where neither *C-
tuned coils nor single or multichannel transceivers are typically
available. A main challenge facing such in vivo extensions would
arise from the need to carefully avoid being overwhelmed by
the water peak; still, the fact that in many hydrogen-addition
reactions the ensuing 'H ends up resonating relatively far from
4.8 ppm could facilitate these selective observations despite the
broad resonances usually arising in in vivo spectroscopy.
Furthermore, while in the present study '*C dDNP combined
with INEPT produced substantially stronger 'H signal
enhancement than the spontaneous polarization transfer, the
single-shot nature of magnetization transfer would likely make
the former approach impractical for real-time measurements of
metabolism in vivo. Finally, although the '*C-enriched pyruvic
acid used here as a HP probe is one of the most commonly
used in vivo dDNP substrates,” other HP substrates capable of
supporting similar phenomena can also be envisioned,
including substrates that are hyperpolarized by methods other
than DNP.
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