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Abstract

Hyperpolarized metabolites offer a tremendous sensitivity advantage (>10* fold) when measuring
flux and enzyme activity in living tissues by magnetic resonance methods. These sensitivity gains
can also be applied to mechanistic studies that impose time and metabolite concentration
limitations. Here we explore the use of hyperpolarization by dissolution dynamic nuclear
polarization (DNP) in mechanistic studies of alanine transaminase (ALT), a well-established
biomarker of liver disease and cancer that converts pyruvate to alanine using glutamate as a
nitrogen donor. A specific deuterated, 13C-enriched analog of pyruvic acid, 13C3D3-pyruvic acid,
is demonstrated to have advantages in terms of detection by both direct 13C observation and
indirect observation through methyl protons introduced by ALT-catalyzed H-D exchange.
Exchange on injecting hyperpolarized 13C3D-pyruvate into ALT dissolved in buffered 1H,0,
combined with an experimental approach to measure proton incorporation, provided information
on mechanistic details of transaminase action on a 1.5 s timescale. ALT introduced, on average,
0.8 new protons into the methyl group of the alanine produced, indicating the presence of an off-
pathway enamine intermediate. The opportunities for exploiting mechanism-dependent molecular
signatures as well as indirect detection of hyperpolarized 13C3-pyruvate and products in imaging
applications are discussed.

Keywords

Nuclear magnetic resonance spectroscopy; Magnetic resonance imaging; Dissolution dynamic
nuclear polarization; Metabolic biomarkers

1. Introduction

The introduction of hyperpolarization equipment and methods has extended the ability of
solution magnetic resonance methods to characterize low abundance products or transitory
processes on previously unimaginably short timescales. It is even possible to observe
metabolic conversions of diagnostic value in tissues and living animals. Enhancements
exceeding 104-fold for directly detected 13C or 1°N signals after hyperpolarization by
dissolution dynamic nuclear polarization (DNP) [1] have made imaging of cancerous tissues
and the monitoring of metabolic flux in living animals possible [2-5]. However, the ability
of specific enzymes to imprint mechanism-dependent signatures on metabolic products is
yet to be fully exploited. Here we examine some of these signatures in the alanine
transaminase catalyzed conversion of pyruvate to alanine.

© 2012 Elsevier Inc. All rights reserved.
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Hyperpolarized pyruvate has emerged as the dominant reagent for imaging tumor
morphology and chemistry with magnetic resonance imaging techniques. As such, there is
considerable precedent for polarizing and observing pyruvate and its products. Most
applications exploit analogs enriched with 13C at the C1 carboxylate or C2 carbonyl sites.
These choices arise from the need to prolong storage times of polarization; non-protonated
carbons typically have spin relaxation times an order of magnitude longer than protonated
carbons. However, as observation at higher field is implemented (something that is
particularly useful for mechanistic studies) spin relaxation times at these sites actually
decrease due to a magnetic field-dependent chemical shift anisotropy relaxation mechanism.
Also, not all substrates have such convenient non-protonated sites. This has spawned an
interest in deuterated substrates [6—12]. A typical deuterated site displays spin relaxation
times on the order of four fold longer than those for the corresponding protonated substrates,
making storage of polarization on deuterated sites competitive with storage on non-
protonated sites, particularly at higher magnetic fields [8,10]. The presence of deuterons on
the C3 methyl group of pyruvate is something that we will exploit for both prolonged
storage and the ability to probe the catalytic mechanism through deuteron (D) for proton (H)
exchange. Proton exchange also provides the opportunity to test indirect detection through
protons as a means of further enhancing sensitivity.

Pyruvate metabolism is altered in many diseased tissues. Endogenous enzymes convert
supplemented pyruvate to lactate (lactate dehydrogenase), acetyl-CoA (pyruvate
dehydrogenase), oxaloacetate (pyruvate carboxylase), or L-alanine (alanine transaminase,
ALT, E.C. 2.6.1.2). Elevated lactate levels positively correlate with tissue hypoxia, a marker
of poorly perfused tumors [13]. Alanine levels likewise rise in tumor tissues as acetyl-CoA
production decreases. In addition, ALT activity in the serum is a biomarker for liver damage
[14], and could be probed concomitantly with alanine and lactate levels in tumors using
hyperpolarized pyruvate. As a preface to potential applications monitoring ALT activity we
explore here mechanistic signatures of the enzyme using hyperpolarized 13C3D3 pyruvate as
well as a more conventional 13C2 pyruvate as substrates /7 vitro. These signatures may
ultimately help differentiate activities of different enzymes when they share a substrate or
generate similar products.

The catalytic mechanism of ALT is illustrated in Fig. 1 [15-17]. According to this accepted
model of the catalytic mechanism, ALT transfers the amine from glutamate to the pyruvate
ketone (C2) carbon forming L-alanine and a-ketoglutarate using pyridoxal phosphate as a
coenzyme. In this process the pyruvate C2 site accepts a proton and becomes the alanine
Ca.. Proton introduction at this and other sites opens opportunities to enhance experimental
sensitivity. Assuming equal instrumental efficiency, a 16-fold increase in sensitivity over
direct detection of hyperpolarized 13C is expected when using an indirect-detection strategy
[10]. Our proposed indirect detection approach stores magnetization on 13C (C2 in this
case), transfers polarization to a bonded proton following chemical conversion, and detects
the proton signal. Our previous experiments using hyperpolarized 1°N(D,) in the sidechain
of glutamine as a storage site and indirect detection of 1°N(DH) demonstrated this method to
be 20-fold more sensitive than direct detection of hyperpolarized 1°N, compared to the 100-
fold maximum expected for that case [10]. Detection of the Ca proton may, however, be
more challenging because of more efficient 13C spin relaxation at this site.

In addition to proton incorporation at the pyruvate C2, there is an opportunity to catalyze
proton (H)/deuteron (D) exchange at the C3 methyl group and indirectly detect through a
protonated alanine product [16,18]. Exchange does not appear obligatory in the production
of alanine but may result from a side reaction involving the postulated Schiff base
intermediate interconverting with an enamine isoform [17] (denoted in Fig. 1 with a circled
“A’”). The extent to which pathway A (enamine formation, Fig. 1 highlighted in gray) is
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sampled compared to pathway B will be reflected in the percentage of proton incorporation
in the alanine product. This ratio is very dependent on the nature of the active site and is
likely to be very enzyme specific. Here we demonstrate that H/D exchange at the methyl
group does occur to a significant extent and that indirect detection of hyperpolarized 13C-
labeled pyruvate following ALT-catalyzed H/D exchange is possible.

2. Materials and methods

All materials, unless otherwise noted, were purchased from Sigma— Aldrich (St. Louis,
MO). Isotope-enriched chemicals (sodium pyruvate and deuterium oxide) were purchased
from Cambridge Isotopes (Cambridge, MA).

2.1. Preparing 13C3D3-pyruvate

Sodium pyruvate (:3C3Hs3; 110 mg) was incubated in 20 mL of 25 mM ammonium
carbonate, ~95% D-,O, pH 10, for 2 d at 37 °C. The pH was adjusted with ammonium
hydroxide. The progress of the reaction was monitored by observing proton and deuteron
NMR signals. The solution containing sodium 13C3D3-pyruvate was then lyophilized to
remove solvent and volatile buffer components.

2.2. Hyperpolarization

For each hyperpolarization experiment, a solution of 800 pg sodium 13C-pyruvate was
dissolved with gentle heating to a final concentration of 40 mg/mL in 50/50 (v/v) DO/
glycerol containing 15 mM OXO63 trityl radical (GE-Healthcare, UK). This mixture was
added to a polyether ether ketone (PEEK) plastic cup and lowered into an Oxford
Hypersense 3.35T DNP polarizer (Oxfordshire, UK). The sample was cooled to 1.37-1.40 K
then irradiated for 1-2 h at 94.007 GHz and 50 mW. The hyperpolarized material was then
quickly melted and dissolved in 3.5 mL of pre-heated and pressurized 50 mM sodium
phosphate and 10 mM glutamate, pH 8.0 in 100% H,O. The dissolved material was flushed
into a waiting 8 mm NMR tube preloaded with 500 L of the previous buffer and 10 Units
(=70 pg; except where otherwise noted) of porcine heart ALT. This NMR tube was
prepositioned inside a VVarian 11.7 T INOVA spectrometer (Santa Clara, CA) equipped with
an XH probe operating at 31 °C. Sample transfer times were approximately 3 s.

2.3. Detecting nascent alanine

Hyperpolarized 13C3D-pyruvate was transferred to a waiting 8 mm NMR tube loaded with
100 Units ALT and glutamate as described above, and this was followed by a 5 s settling
period. Hyperpolarization in the alanine formed to this point was then destroyed by
selective, on-resonance, rf irradiation at 29 dB for 500 ms prior to a 1.5 s recovery period.
Carbon signals were then observed after a nonselective 90° pulse.

2.4. Observing hyperpolarized signals

Small tip angle, direct detection experiments were collected using a simple pulse of “x”
phase with a 5° tip angle (1.0 ws pulse width) immediately followed by acquisition of 13C
signals. The spectral width for these 13C observe experiments was 35 kHz. 8192 complex
points were collected while decoupling both D and H nuclei with continuous wave and waltz
schemes [19], respectively.

Indirect detection of hyperpolarized 13C magnetization was achieved as described before,
except using the circuitry for 13C rather than 15N [10]. In these experiments, 10 Units of
ALT were used to collect spectra with a spectral width of 6 kHz and 2000 complex points;
the time interval between repetitions was varied.
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3.1. Direct detection of ALT activity

The ALT mechanism was probed initially with hyperpolarized 13C2-pyruvate. Spectra of
hyperpolarized 13C2-pyruvate and the 13Ca-alanine product, shown in Fig. 2, were collected
every 1.2 s in a direct 13C-detected experiment by sampling a small proportion of the
magnetization (<1%). Reaction progress as represented in heights of peaks corresponding to
pyruvate and alanine is depicted in Fig. 2b. The pyruvate signal at 206 ppm decays due to a
combination of spin relaxation, losses due to sampling, and to a lesser extent enzyme-
catalyzed conversion to alanine. The signal from the hydrate form of pyruvate, which is in
rapid equilibrium with the keto-form at 94 ppm, parallels this loss. The alanine signal at 51
ppm shows a slight rise before decay due to the enzymatic production of alanine, but decay
quickly dominates due to the unfavorable relaxation properties of the alanine Ca nucleus.
The C1 signal of pyruvate, resulting from natural 13C abundance, is present at ~171 ppm,
the other signals likely originate from unenriched components of the hyperpolarization
buffer. It is noteworthy that we do not see natural abundance peaks for the C3 methyl carbon
in this experiment or another experiment with 30-fold more pyruvate (data not shown),
presumably because the protonated carbon relaxes too quickly to store enhanced
polarization. This appears to be the case even though methyl relaxation should be slowed by
the effects of rapid methyl rotation [20].

The storage and magnetization lifetime properties of 13C3 should be enhanced by replacing
protons (H) with deuterons (D) that have just 1/6th the magnetogyric ratio. Consistent with
participation of an enamine isoform in the mechanism presented above, deuteron
incorporation into alanine following the incubation of ALT with 13CHs-pyruvate and
glutamate in D,0O was observed through the appearance of isotope-shifted CDH, and CD,H
peaks (data not shown). Carbon resonances are shifted additively by directly-bonded
deuterons to a higher frequency when compared to 13C(Hs). This isotope effect will be
utilized later to further investigate the ALT mechanism. Interestingly, exchange into the
pyruvate methyl group during the initial phase of the reaction was not observed, either due
to the lack of efficient reversal of mechanistic steps prior to enamine incorporation or rapid
relaxation of the fully protonated methyl group (data not shown).

When using 13CD3-pyruvate as a starting material, the pyruvate C3Dj3 signal at 26.2 ppm is
easily observed (Fig. 2c) and now decays at about the same rate as the pyruvate C2 signal.
Three additional lower intensity peaks to the left of the main methyl peak are also now
observed. These correspond to the three additional methyl isotopologues, CD,H, CDH>, and
CHs, which based on analysis prior to enzyme action, result from incomplete H/D exchange
during our preparation of deuterated pyruvate. A clear accumulation of an alanine Cp
methyl signal was also observed as a consequence of the slow relaxation of deuterated
methyls and prolonged polarization storage (dotted line, Fig. 2d). A comparison of

the 13Ca (H) signal (red? line, Fig. 2b) with the alanine 13Cp (Ds) signal (dotted line, Fig.
2d), indicates a significant advantage in monitoring a Cp D3 signal as compared to the
protonated Ca of the alanine product. There are further advantages to be gained from an
analysis of the isotopologue peaks seen to the left of the main alanine methyl peak.

3.2. Detecting nascent alanine

Isotopologue distributions for the alanine methyl group as presented above clearly show that
in the process of producing alanine, protons replaced deuterons on the Cp methyl group.
This can be seen by comparing the data on C3 of pyruvate to that on Cp of alanine as shown

ror interpretation of color in Fig. 2, the reader is referred to the web version of this article.
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in Fig. 3a and b. However, due to limitations of looking at alanine which has accumulated
from the beginning of the experiment, combined with the effects of spin relaxation, when
using this small tip-angle approach, it is difficult to quantitate the production of various
isotopologues. To appreciate this limitation, compare the apparent distribution of alanine
isotopologues on the first scan (Fig. 3b) to that at a later scan where the fully deuterated
form appears to dominate (Fig. 3c). The domination at long times is likely the result of faster
relaxation, and thus greater loss of signal, for the alanine Cp forms with greater proton
content. The experimental design samples magnetization from the total pool of alanine,
regardless of when it was formed. Thus, the cumulative losses of magnetization from
protonated forms will bias the measurements towards CDs3. The first point provides the best
possible distribution measurement but suffers from inefficient mixing and additional
instrumental delays following transport of the hyperpolarized substrate.

The relative isotopologue distribution can be more accurately measured by changing the
experimental strategy to detect only newly formed alanine. With the enhanced sensitivity of
hyperpolarized samples it is possible to recover adequate signal even with short production
periods (1.5 s). To achieve this, the alanine signal formed before the recovery period is
specifically destroyed by low power continuous-wave irradiation at the alanine methyl
frequency in a manner which does not disturb the pool of hyperpolarized pyruvate. The
recovery period is short relative to the signal decay for each of the four isotopologues, and
thus intensities should only be minimally affected by differences in relaxation rates. As
expected, the isotopologue distribution of nascent 13CpB-alanine showed a greater proportion
of forms containing protons than observed previously (Fig. 3d), and their observation allows
the number of protons incorporated during one pass through the catalytic cycle to be
estimated. Measurements were made within 8 s of reaction initiation and with amounts of
substrate and enzyme that will approach chemical equilibrium only after ~3 min. These
conditions preserve the assumptions of pseudo-first order conditions by keeping polarized
product accumulation at a minimum and allowing only negligible amounts of alanine to
recycle to form pyruvate. An analysis of peak intensities revealed that on average, ~0.8
deuterons were exchanged to protons by ALT per catalytic cycle (66% D content at Cp in
alanine, 95% at C3 in pyruvate according to the initial synthesis value).

3.3. Indirect detection of ALT activity

To capitalize upon ALT-catalyzed D/H exchange as a means of detecting newly formed
alanine with further sensitivity enhancement, we adapted an existing pulse sequence [10] to
transfer 13C polarization to a proton for detection as shown in Fig. 4. This sequence has a
unique property in that it returns the magnetization vector of hyperpolarized, non-protonated
carbon nuclei to the +z axis after each acquisition, thus these carbons serve as storage sites
until a directly-bonded 1H is chemically added (for more details, see [10]). Our first efforts
tuned the sequence to detect magnetization optimally from the 13CBD2H isotopologue (Fig.
4a) using t, delays corresponding to the period required for pure carbon transverse
coherence to evolve to carbon transverse coherence anti-phase with respect to the directly
bonded proton (1/4Jcy = 1.97 ms; Fig. 4b). As a result, nearly 100% of the 13CB(D,H)
coherence could be transferred to the (33CBD2)H proton while 13CB(DHy) coherence
remained on carbon. The 13CB(H3) coherence would be detected with about 2/3 efficiency in
this experiment as well, but ALT produces a very small amount (<5%) under conditions of
the experiment and therefore contributions from this form are neglected. Hyperpolarized 13C
magnetization was then passed to protons, refocused in a second delay with 7, = 1.97 ms,
and detected indirectly with high sensitivity. The sequence was then repeated multiple times
to detect additional amounts of 13CB(D,H) alanine as it was formed from the initial bolus of
hyperpolarized pyruvate (Fig. 4c). As insignificant amounts of pyruvate are consumed in the
course of the experiment, one would expect similar amounts of alanine to be sampled at

J Magn Reson. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Barb et al.

Page 6

each point. Signal intensity in this experiment is then just a function of the D/H exchange
rate, the sampling frequency and the decay of pyruvate polarization. The polarization decay
is due to spin relaxation of the deuterated pyruvate; the sampling frequency dependence
arises because the coherence from deuterated pyruvate is inefficiently returned after each
cycle of the pulse sequence. These factors are described in more detail elsewhere [10].
Sampling infrequently, in contrast to what is shown here, will provide somewhat better
sensitivity and the greatest opportunity to observe slow events; however, alanine 13C(D,H)
relaxation in addition to pyruvate 13C3 relaxation will still limit application.

From our carbon detect experiments we noted the alanine isotopologue distribution,
following a single ALT catalytic cycle, contained as much as 20% 13CB(DH,), and possibly
5% 13CB(H3). These additional species can, in principle, be detected selectively by indirect
detection as well. The simplest approach is to change the z, delay to optimize carbon to
proton transfer delays for the respective species: 1/4Jcy = 1.97 ms for CHD,, 1/8JcH = 0.99
ms for CH,D and 1/12Jc = 0.66 ms for the outer lines of CH3. Spectra from the first three
of these samplings at high resolution, as seen in Fig. 5a, showed the expected pattern of
alanine signals. The alanine 13Cp(D,H) methyl appeared as a doublet with a resolved ~7 Hz
HpB—Ha coupling in the spectra collected with 7, = 1/4Jcy (Fig. 5a, bottom plot). In spectra
collected with 7, = 1/8c or 1/12Jc an unequal mixture of (33CB)DH, and (13CB)D,H
were resolved, the latter isotopologue signal being found upfield relative to the former due
to isotope shifts (Fig. 5a, middle and top plots). It is possible to design sequences that more
cleanly return signals from a single isotopologue by changing the z, delays for successive
cycles of the sequence and adding or subtracting appropriately scaled signals. For example,
choosing successive z, values of 1/8Jc and 3/8.c, and subtracting signals that have been
scaled for differences in transverse relaxation and polarization decay will yield a pure CH,D
signal.

The total intensity of the detected signals is of some interest as a means of detecting the raw
rate of alanine production by alanine transaminase for in-cell or /n vivo applications. In
these applications resolution is not likely to be adequate and neither multiplet structure nor
isotope shifts are likely to be resolved. It is clear that of the three delays depicted in Fig. 5b
the 1/8.JcH delay has yielded the best spectrum. This is likely the result of the simultaneous
detection of relatively high proportions of (133C8)DH, and (13CB)D,-H signals. A direct
comparison of indirect detection through 1H and direct 13C detection is not straight forward.
However, our best option is a comparison of the total directly detected CH,D and CHD»
lines in the “nascent™ alanine spectrum (Fig. 3d) and the 1/8Jcn delay selection in the
indirect detection experiment which detects 100% and 72% of the CH,D and CHD»
intensity, respectively (Fig. 5a, 3.3 s). Comparing signal integrals in equally line-broadened
spectra (with a 4.0 Hz Gaussian multiplier) on a Hz scale, normalizing amplitudes based on
noise, and correcting for differences in product accumulation times, enzyme concentration
and polarization levels, the indirectly-detected spectrum is 7.9-fold more sensitive. This
result is respectable compared to the 16-fold theoretical advantage, especially considering
that we do not detect all CHD,, intensity and the 1H detection efficiency of our probe is not
quite that of 13C. However, it may be possible to further improve the pulse sequence and
experimental protocol as discussed below.

4. Discussion

In summary, several new techniques using hyperpolarized 13C2- and 13C3D3-pyruvate to
probe ALT activity have been explored. Direct observation of 13C sites after polarizing the
deuterated C3 methyl group of pyruvate showed a significant advantage over polarizing the
C2 carbonyl group. This very likely results from favorable relaxation properties of the
deuterated methyl group in comparison to that of the C2 carbonyl at high magnetic field.

J Magn Reson. Author manuscript; available in PMC 2014 March 01.
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ALT was also shown to catalyze D/H exchange at the alanine methyl group, incorporating a
significant number of protons into the 13CD3 moiety per catalytic cycle. This latter
observation opens opportunities to probe catalytic mechanisms as well as explore indirect
detection as a way of further improving sensitivity of enzyme activity measurements in in-
cell and /n vivo experiments.

4.1. Interpreting the ALT catalytic mechanism

The improved sensitivity offered by hyperpolarization proved important in studying nascent
alanine production on the timescale of ~1.5 s and allowed determination of the amount of D/
H exchange per cycle with minimal interference from unequal isotopologue polarization
decay and reassociation of product with the enzyme. It is possible that a similar
determination could have been made by reducing enzyme concentration and acquiring
spectra over long periods of time by signal averaging non-hyperpolarized preparations.
However, there are certainly situations where background reactions (buffer catalyzed
exchange, for example) and significant product reassociation rates would have skewed
isotopologue determinations. Moreover, with /n vivo and in cell determinations, one does
not always have the liberty of adjusting enzyme concentrations. Thus, enhanced sensitivity
will certainly prove advantageous in future studies.

The catalysis of H/D exchange at the methyl group is interesting as this is not required by
the accepted mechanism drawn in Fig. 1. However, the formation of a Schiff base
intermediate opens the possibility of interchange with an enamine form (upper part of Fig.
1), allowing exchange of a methyl deuteron as illustrated. It is noteworthy that the products
of D/H exchange include all four isotopologues. This suggests the Schiff base — enamine
interconversion is not obligatory, and thus enamine formation does not lead directly and
efficiently to alanine production. If enamine formation did lead directly to the alanine
product, and a non-concerted mechanism existed in which the abstracted deuteron rapidly
equilibrated with solvent protons, just a single proton would be introduced to the methyl
group and no CpD3 or CBDH2 would be observed. Thus, it is more likely that D/H
exchange occurs as a dispensable side reaction that is in equilibrium prior to base-catalyzed
proton abstraction from the coenzyme (denoted by a circled“ B’ in Fig. 1). The number of
protons introduced to the methyl group is then a measure of the rate of equilibration through
pathway B compared to the rate of product release. Interestingly, with these assumptions we
can estimate the relative rates. Data indicate off-pathway enamine equilibration occurs at a
rate that is about 0.8 times that of the passage through pathway Bto alanine. Thus, the
formation of the ALT off-pathway intermediate is significant.

It is also informative that we do not see significant levels of methyl protons introduced into
pyruvate, suggesting that under our conditions the dissociation of the Schiff base to release
pyruvate does not occur at a significant rate compared to alanine formation. Another enzyme
using pyruvate and a Schiff base intermediate, A-acetylneuraminic acid aldolase, does use
the enamine form of a Schiff base as an obligatory intermediate [21]. In this case we found
both a higher rate of exchange in the released product (A-acetylneuraminic acid) and a
higher rate of reversal to release a protonated pyruvate (data not shown). Hence, the pattern
of isotopologue production is quite different. There are a great number of other enzymes that
share the Schiff base mechanism, including class 1 fructose 1-6 bisphosphate aldolase [22]
and most pyridoxal phosphate-dependent enzymes [16]. Differences in proton incorporation
patterns may be quite different for these enzymes and exchange signatures may provide a
useful specific diagnostic.
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4.2. Imaging considerations for using 13C2- or 13C3D3-pyruvate

13C3D5-pyruvate proved superior to the 13C2 form as a substrate for directly 13C detected
ALT activity. At high fields in the absence of enzyme and free radicals from the
hyperpolarization medium, the 13C3D3 methyl group relaxes at less than half the rate of
the 13C2 carbonyl (0.018 s™1 vs. 0.045 s™1 at 14 T and 25 °C). In practice the considerable
slower relaxation rate of 13C3D5 compared to CaH in the product proves to be of more
consequence and allowed detection of the alanine product with much higher sensitivity.
Metabolism of hyperpolarized 13C2-pyruvate is of considerable interest for in vivo
monitoring of other reactions [23,24] and the results reported here indicate 13C3D3-pyruvate
may prove superior for some of these applications as well. Indirect detection after D/H
exchange into the methyl group could offer additional advantages for /n vivo application,
but there are clearly obstacles to overcome with the complexity of the pulse sequence and
the need for deuterium decoupling.

Comparing the relative sensitivities of the current indirect and direct detected experiments
revealed the signal to noise in the indirectly detect experiment was 7.9-fold superior to the
direct-detect experiment (Figs. 3d and 5a, 3.3 s), but below the 16-fold theoretical
enhancement. This may be due to several factors. First, convective currents and residual
turbulence from pyruvate injection into the large 8 mm NMR tube can cause significant
losses, especially when pulsed field gradients and refocusing pulses are used (Fig. 4b)
[25,26]. Second, the probe used here is not optimal for H detection (experimentally a factor
of 40 superior proton detection, compared to a 64-fold theoretical advantage). Third, Ha—
Hp coupling evolution during the z delays is not removed by the current version of the pulse
sequence and can cause some additional loss. There are things that can be done to avoid
some of these effects and optimize future experiments. In particular, it is possible to
minimize convective and turbulent currents by introducing baffles in the sample tube. The
refocusing elements (z,) can also be kept at the shortest odd multiple of 1/4/and the effect
of coherence decay due to gradients in this period minimized by switching to a non-gradient
water suppression technique. Hence, we believe that sensitivity improvement seen in
indirect detection experiments can be improved in the future.
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Fig. 1.

Alanine transaminase (ALT) catalytic mechanism. A proposed excursion starting at the
circled“A” would explain the observed D/H exchange [15-17] and is highlighted with a
grey background. The inset shows the carbon nomenclature used herein.
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Fig. 2.

Direct 13C observation of ALT activity using hyperpolarized sodium pyruvate. (a) A stacked
plot of individual spectra following conversion of hyperpolarized 13C2-pyruvate into 13Ca.-
L-alanine. The resonances corresponding to these nuclei are indicated below the horizontal
axis. (b) A plot showing observed intensities extracted from the spectra shown in panel (a).
(c) A stacked plot of ALT-catalyzed conversion of hyperpolarized 13C3D3-pyruvate

into 13Cp-L-alanine. The resonances corresponding to these nuclei are indicated below the
horizontal axis; note the resolution of peaks corresponding to the 13CDj (tallest

peak), 13CD,H, 13CDH, and 13CHj isotopologues, from right to left, respectively, for both
nuclei. (d) A plot showing observed intensities extracted from the spectra shown in panel

(c).
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Fig. 3.

Pyruvate isotopologue distributions. (a) The distribution in starting material is consistent
with an incomplete deuteration reaction (~95% D). (b) The distribution observed for alanine
in the first scan of an ALT reaction is different. (c) This apparent distribution changes
throughout the course of an experiment, but is no longer reflective of actual chemical
species because magnetization of the heavily protonated forms decays more rapidly. (d) A
special experiment designed to reduce the effects of magnetization decay and observe
signals from the alanine product that was produced in only 1.5 s is shown.
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Fig. 4.

ALT-catalyzed D/H exchange permits the indirect detection of hyperpolarized 13C. (a) Four
alanine isotologues are produced in 1H,O starting from fully deuterated pyruvate. (b) This
NMR pulse sequence is designed to transfer hyperpolarized 13C magnetization to nascent 1H
for detection and can be tuned to detect these different isotopologues. Details of this pulse
sequence can be found in [10]. In panel (c), the delays denoted by z, in panel (b) are tuned
to detect pure 13CBD2H-L-alanine (1/4Jcy = 1.96 ms).
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Fig. 5.

Modulating the pulse experiment on-the-fly provides insight into the product isotopologue
distribution and identifies a parameter value for optimal sensitivity. (a) A single aliquot of
hyperpolarized 13C3D3-pyruvate was detected using the experiment in Fig. 3, except values
for the delay z, were modulated. In the first scan the delay was 0.98 ms to detect a mixture
of 13CD,H- and 13CDH,-alanine; likewise in the second scan with 0.66 ms. The third scan
with a 1.96 ms delay will detect magnetization from only the 13CD,H form, recycling the
remainder. This three step acquisition pattern was repeated multiple times until the detected
hyperpolarized magnetization decayed to undetectable levels. (b) Integral values of product
peaks observed using the experimental parameters described in (a). The line represents a
best-fit exponential decay of all plotted points.
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