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ABSTRACT

Hyperpolarization greatly enhances opportunities to observe in vivo metabolic processes in real time.
Accessible timescales are, however, limited by nuclear spin relaxation times, and sensitivity is limited
by magnetogyric ratios of observed nuclei. The majority of applications to date have involved direct
13C observation of metabolites with non-protonated carbons at sites of interest (**C enriched carbonyls,
for example), a choice that extends relaxation times and yields moderate sensitivity. Interest in N con-
taining metabolites is equally high but non-protonated sites are rare and direct >N observation insensi-
tive. Here an approach is demonstrated that extends applications to protonated '°N sites with high
sensitivity. The normally short relaxation times are lengthened by initially replacing protons (H) with
deuterons (D) and low sensitivity detection of >N is avoided by indirect detection through protons rein-
troduced by H/D exchange. A pulse sequence is presented that periodically samples '°N polarization at
newly protonated sites by INEPT transfer to protons while returning >N magnetization of deuterated
sites to the +Z axis to preserve polarization for subsequent samplings. Applications to '>’ND,-amido-
glutamine are chosen for illustration. Glutamine is an important regulator and a direct donor of nitrogen

in cellular metabolism. Potential application to in vivo observation is discussed.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Hyperpolarization of magnetic nuclei, using a variety of meth-
ods [1-5], has had a tremendous impact on our ability to monitor
rapid inter-conversions from substrate to product both in vitro and
in vivo [6]. It is now clear that monitoring metabolic processes
in vivo will lead to new diagnostic methods for major diseases
[7,8]. Most applications have been based on polarization and
observation of '3C at non-protonated sites. There are good reasons
for this. Polarization of non-protonated '3C sites relaxes very
slowly, allowing monitoring of metabolic conversions over periods
that reach many tens of seconds. '3C observation also provides
moderate sensitivity with reasonable background suppression
using simple direct detection methods and enrichment beyond
its 1% natural abundance. However, the pathways that can be fol-
lowed by hyperpolarizing carbons represent just a part of a total
metabolic system. Of equal interest are the pathways that can be
followed by hyperpolarizing nitrogen, yet, nitrogen hyperpolariza-
tion is seldom exploited [9,10]. Again there are good reasons.
Nitrogens in many substrates of interest are protonated, making
their spin-lattice relaxation times relatively short, and direct
detection of >N is very unproductive, being a factor of ~6 less
sensitive than that of '3C for equal enrichments and equal levels
of polarization. Here we present a scheme for detection of
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15N-labeled metabolites that exploits the much longer spin-lattice
relaxation times of deuterated nitrogens and enhances sensitivity
over direct detection by utilizing indirect detection through
protons.

Nitrogen is a major elemental component of proteins and nu-
cleic acids. It is also a component of amino sugars found in the
extracellular matrix and on glycoproteins and glycolipids. The side
chain nitrogen of glutamine is the direct donor of nitrogen for both
nucleic acids and amino sugars. Glutamine is also the most abun-
dant free amino acid in the human body [11]. In the brain gluta-
mine provides a means of neurotransmitter generation through
the glutamine-glutamate cycle [12]. It is important in protection
of cells from oxidant injury, and metabolism of glutamine is known
to be elevated in cultured tumor cells, where cells consume as
much as ten times more glutamine than any other amino acid
[13]. It is clear that improved methods of monitoring the passage
of 15N through various metabolites could be very important.

Hyperpolarization and indirect detection of >N has been re-
ported previously but primarily in cases where non-protonated
nitrogens are involved and indirect detection is done through re-
mote protons [10,14,15]. This is somewhat limited because the
small couplings to protons two or more bonds removed require
long polarization transfer periods. Moreover, the requirement for
a non-protonated nitrogen and an adjacent site carrying an easily
detectable proton restricts the number of metabolites that might
be observed. Detecting hyperpolarized >N magnetization through
a directly bonded proton has also been reported, though this meth-
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od is sensitive to the decay of >N polarization due to a dipolar
interaction with the proton during dissolution, transfer and storage
and is, therefore, less suitable for observing kinetic processes in
real time [16]. Here we take advantage of the lengthened spin
relaxation time of a deuterated nitrogen and the fact that deute-
rons directly bonded to nitrogens exchange for protons in aqueous
media at rates that can be comparable to the life times of hyperpo-
larization. While an amide nitrogen with a single directly bonded
proton in a molecule of moderate molecular weight (150 Da) at a
11.7 T field and 25 °C has a predicted spin-lattice relaxation time
of 45, the same molecule with a deuterium attached has a pre-
dicted spin-lattice relaxation time of 22 s. Deuterons at amide sites
in neutral amino acids can be replaced by chemical exchange at a
rate of 0.3-1 s~ ! at 25 °C and pH 6.0 [17]. However, this rate can be
manipulated through its exponential dependence on hydroxide ion
concentration [17] and by the solvent deuterium content. Other
compounds may also have inherently slower exchange rates. With
exchange of a deuteron for a proton, indirect detection can, in prin-
ciple, enhance sensitivity substantially. Assuming one starts with
the same level of polarization, indirect detection through a proton
can enhance sensitivity by a factor of 100 over direct nitrogen
detection, one factor of 10 coming from the higher magnetic mo-
ment of protons and one factor of 10 coming from the higher rate
of precession. The same arguments would lead to enhancement by
a factor of 16 over direct carbon detection. Here we present a pulse
sequence that allows periodic retrieval of >N polarization as pro-
tons are exchanged into an amide site, and an application to detec-
tion of signals from the side-chain nitrogen of glutamine.

2. Materials and methods
2.1. Materials

All materials, unless otherwise noted, were purchased from Sig-
ma-Aldrich (St. Louis, MO). For each hyperpolarization experiment,
a solution of 200 pg-10 mg of '>N-amido-glutamine was dissolved
with gentle heating to a final concentration of 60 mg/ml in 50/50
(v:v) D,0/glycerol containing 15 mM trityl radical (GE-Healthcare,
UK). The glycerol had been exchanged repeatedly with D,0 to re-
place all labile protons (H) with deuterons (D). This mixture was
added to a polyether ether ketone (PEEK) plastic cup and lowered
into an Oxford Hypersense 3.35 T DNP polarizer (Oxfordshire, UK).
The sample was cooled to 1.4-1.5°K then irradiated for 1-2 h at
94.007 GHz and 100 mW. The hyperpolarized material was then
quickly melted and dissolved in a pre-heated and pressurized buf-
fered aqueous solution containing 0-100% H,0 and 100-0% D-,O.
The buffering agent used for pH 4.5-6.5 was 25 mM citric acid with
25 mM dibasic sodium phosphate; for pH 7.0 it was 25 mM HEPES;
for pH 8.0 it was 25 mM TRIS. The dissolved material was flushed
into a waiting 8 mm NMR tube in a Varian 11.7 T Inova spectrom-
eter (Santa Clara, CA) equipped with an XH probe operating at a
31 °C sample temperature (~5 s transfer time).

2.2. NMR spectra

Small tip angle, direct detection, spin lattice relaxation (R;)
experiments were collected using a simple pulse of X phase and
14° flip angle (considerably less than the 90° pulse width (pw90)
of 32 ps) immediately followed by acquisition of >N signals. The
sweep width was typically 8000 Hz and 1600 complex points were
collected. The repetition interval (t) was varied to accommodate
different relaxation profiles of deuterated and protonated material.
For the observation of protonated (deuterated) glutamine, hyper-
polarized material was dissolved with a buffer containing 100%
H,0 (100% D,0).

The equation describing loss of longitudinal magnetization from
the resulting combination of short pulses (T), relaxation (P) can be
written as follows:

Iz(n) = I,PT (1)
where

_ p—Rynt _ n—1 T-pw
P=e , T =cos (72.%/90),

Iz (n) is the magnetization that can be measured at cycle n, and Iy is
the intensity at the beginning of the experiment. The time of each
measurement relative to the beginning is the product of n and 7.
Considering partial sampling at each pulse, an expression for the
measured intensity, I(n), results. This is similar to an equation pre-
viously reported for a related hyperpolarization application [18]:

_ —RynT o - pw n-1 - pWw
I(n) = lpe™™"* sin <72 -pw90> cos <72 ‘pw90> (2)

Eq. (2) was fit to the accumulated data to extract R;. The errors
reported represent the error associated with fitting the R; param-
eter and does not include potential errors in pw90 estimation.

Indirect >N detection experiments were collected with the
experiment to be described below using a sweep width of
6000 Hz and 2000 complex points. For initial experiments the in-
ter-experiment delay was 1 s resulting in a repetition interval time
T =1.35s measured from the start of one cycle to the start of the
next. All 90° or 180° pulses were used throughout with 90° pulses
being 8.75 ps and 32 ps for H and '°N respectively. The decay of
magnetization in an experiment using hyperpolarized, deuterated,
15N-amido-glutamine in a solvent can be described in terms of lon-
gitudinal relaxation (P), losses due to sampling (S), and experimen-
tal imperfections (E):

I(n) = I,PSE 3)

where Iy and P are as described before and S =e ™smw and
E = e "Rimp,

Rsamp is the rate of signal loss due to sampling, which reflects
the H/D exchange that occurred since the previous sampling event.
Rimp describes signal loss due to experimental imperfections (er-
rors in 90° pulse width estimation, transverse relaxation during
the pulse sequence, diffusion during the time between the gradient
pulses, sub-optimal deuterium decoupling, etc.). Values of Rsamp
and R, are described with units of n~!. This equation may be sim-
plified and rearranged to:

I(Tl) _ Ioe—n(rR] +Rsamp +Rimp) (4)

Rsamp may be further deconvoluted considering the effects of H/D
exchange during the 7 period:

111(1 —fgx)
n

)

The fraction of ND, that has exchanged to NDH during the per-
iod 7 is described by fgx and In denotes the natural logarithm. The
parameter fgx is also affected by the fraction of H,0O in a H,0/D,0
dissolution liquid, f H,0, leading to the following expression:

fex = (1 —e™")fH,0 (6)

Thus, Rsamp €an, in principle, provide information about the D/H ex-
change rate (Rgx).

Rsamp = -

3. Results

Fig. 1 illustrates hyperpolarization efficiency achieved with the
particular samples and protocol applied here. Fig. 1a shows a signal
averaged spectrum of a sample containing 50 mg amide deuterated
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Fig. 1. Comparison of thermal equilibrium polarized (a) and hyperpolarized (b) '>N-GIn signals at 11.7 T. The top panel is a summation of 48 scans using 50 mg '°N-Gln in
D,0 with a recycling time of 60 s and a 90° tip angle. The bottom panel is 200 pg hyperpolarized '>N-GIn collected with a single 14° tip angle pulse.

glutamine (in 4 mL of D,0) '°N enriched (>98%) at the sidechain
amide nitrogen acquired without hyperpolarization and direct
15N detection. A 90° tip angle was used with a repetition time of
60 s over 48 acquisitions. Data were processed with a 5 Hz Gauss-
ian multiplier weighting function. Fig. 1b shows the result of >N
direct detection using a single 14° pulse on a sample of 200 pg
(in 4 mL of D,0) of the same glutamine 5 s after hyperpolarization
for 2.5 h. The acquisition was processed in a similar way. Correct-
ing for differences in the amount of sample, signal averaging ef-
fects, and differences in signal to noise ratios the enhancement is
approximately a factor of 8000 The signals show a partially re-
solved pentet as expected for a nitrogen coupled to two deuterons.
The enhancement is short of expectations based on polarization of
13C in pyruvic acid, but parameters known to affect polarization
efficiency, including polarization time, transfer time, irradiation
frequency, free radical concentration, and solvent conditions have
not been optimized. The spectra nevertheless provide a benchmark
for comparison to indirectly detected spectra.

We also used direct '°N direct detection of a hyperpolarized
sample using a series of small tip angle pulses to extract funda
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mental spin relaxation and proton-deuteron exchange parameters.
Pulse sequence parameters, such as the repetition rate, and flip an-
gle influence the rate of signal decay independent of spin relaxa-
tion and exchange. They must be chosen to allow retention of
adequate signal over the expected time course of spin relaxation
and exchange decay. Fig. 2a shows the effect of the pulse sequence
repetition rate with a fixed flip angle of 14° on an observed signal.
We anticipate spin relaxation of a deuterated site to be on the or-
der of 0.1 s7! and have chosen a flip angle of 14° and a repetition
rate of 157! for our initial experiments. Fig. 2b shows the differ-
ence in the decay of !N signal intensity from '>NH,-glutamine
and '’ND,-glutamine. The data in these experiments were fit with
Eq. (2). Ry values of 0.047 + 0.002 s~ ' (T; of 21 s) for the deuterated
glutamine and 0.171+0.002 s~ ! (T; of 5.8s) for the protonated
glutamine are found. This analysis does not include potential con-
tributions from diffusion or mixing of sample that would introduce
unsampled hyperpolarized nuclei into the observation window
[19]. These effects, if present, would not dramatically alter these
values (at the complete mixing limit, a 2.6 fold decrease in R; vs.
the 3.6 fold decrease observed). Given the small deviations in
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Fig. 2. Longitudinal relaxation of hyperpolarized >N using repeated small tip experiments. (a) Theoretical decay of signals observed with a pulse width of 4.9 us
(pw90 = 21 ps) and sampling rates of 2.0s~! (x), 1.0s™! (O) and 0.5 s~ (A). These points are connected for ease of viewing. The heavy black line indicates the sampling
independent relaxation. (b) Signal intensity of hyperpolarized deuterated (200 g, ®) and protonated (10 mg, () >N-amido glutamine at 50.5 MHz (pw = 5 ps; pw90 = 32 ps;
sampling rate =1 s~!). These data sets are fitted with Eq. (1) resulting in values of 0.047 £ 0.002 s ! and 0.171 £ 0.002 s !, respectively.
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Fig. 3. A refocused INEPT-based experiment detects only signals from the NHD isotopologue of '>N-amido glutamine. (a) Schematic of sidechain D-H exchange. (b) Pulse
sequence for the indirect detection experiment. Narrow (wide) bars denote 90° (180°) pulses. Pulse phases are labeled on the diagram, the phase of the receiver is set to X. Z
gradient pulses are 1 ms in duration at 9 G/cm. A 3-9-19 WATERGATE element is used for solvent suppression [25]. Deuterium decoupling is achieved by applying an
explicitly gated continuous wave (cw) pulse during the transfer periods with a power of 45 dB. (c) Product operator analysis of the isotopologues analyzed with 7,=1,=1/4]
15N-H. With these delays only the NHD state transfers hyperpolarized >N magnetization to H for detection. Notice the signals from ND, and NH; states are refocused and

returned to +Z at the end of the experiment. Note: D = 2H.

molecular weight (146), solvent conditions and temperature, the
observations are in accord with expectations described in the
introduction. Clearly deuteration can enhance spin lifetimes in
the spectrometer three-fold or more and would allow an extended
period of observation of metabolic conversions. Deuteration also
decreases signal loss when transferring the sample from the exter-
nal hyperpolarization magnet, through a low field condition, to a
sample tube in the NMR spectrometer.

Coupling >N hyperpolarization with H detection offers a sub-
stantial sensitivity enhancement over '’N-detected experiments
alone. To achieve this combination we developed a method that
uses the labile nature of the amido glutamine deuterons to allow
replacement with protons from water and detection via these new-
ly added protons. The pH dependent exchange process [17] is de-
picted in Fig. 3a, and the pulse sequence, along with parameters
used are depicted in Fig. 3b. The pulse sequence is based on a refo-
cused INEPT (insensitive nuclei enhanced by polarization transfer)
sequence [20], and parameters are chosen to detect only signals
emanating from '>NHD-glutamine (Fig. 3c). At the end of the se-
quence '°N magnetization from NH, and ND, glutamine is re-
turned to the +Z axis by the final 90-degree N_, pulse and
effectively recycled for later detection. Due to the unique proper-
ties of hyperpolarized samples, phase cycling to remove solvent
artifacts is not possible (>N magnetization irreversibly decays
once the sample is removed from the hyperpolarization appara-
tus). Artifacts are instead suppressed by the application of sym-
metric pulsed field gradients during the 74, -180-74 periods
and a 3-9-19 WATERGATE sequence during the anti-phase to in-
phase H refocusing step. Decoupling of '°N from H spins during
acquisition is likewise impossible due to the destruction of the
pool of recycled >N magnetization that would result from the

decoupling sequence. However, continuous wave deuterium
decoupling is included during periods where >ND, magnetization
is transverse to minimize loss of magnetization due to exchange
among multiplet components on deuterium spin lattice relaxation.
Unlike the R; measurement experiment discussed earlier, 90°
detection pulses, rather than small tip angle pulses are used as
the object is to detect all magnetization associated with a newly
formed '>NHD species.

An example of signals from the hyperpolarized '°N of the gluta-
mine sidechain, detected through H, is shown in Fig. 4. The sample
contains 300 pg of >’N-amido-glutamine in 3.5 ml (25% D20) at pH
5.0 and 31 °C. The repetition time () is 1.35s. The H chemical
shifts of the two amido protons are distinct, and each appears as

,

1 2

3 4 5 6 7 8 9 10 11 12 13
Cycle
Fig. 4. The signal from 300 pg of hyperpolarized Gln. Spectra of glutamine amido

protons observed using the pulse sequence in Fig 3b with a pH of 5.0, 7 of 1.35 s, and
H,0 = 25%.
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Fig. 5. Signal longevity is sensitive to D/H exchange. Simulation demonstrating the effect of the extent of D/H exchange rate on absolute signal intensity as calculated using
Eq. (4). (a) These traces show the expected decay of signals with a repetition time () = 1.35 s, Ry = 0.05 5! and Rimp = 0.1 in 50% H,0 (max fix = 0.5). Reamp for each trace was
calculated as in Eq. (5). (b) The same data as in (a) but replotted to show intensity of each trace relative to the first point highlighting the differences in the signal decay.

a doublet due to the evolution of 'Jyy coupling during acquisition.
For convenience only one of the doublets is shown in Fig. 4. Given
that the first point is ~7 s after dissolution, it is clear that even in
this non-optimized trial useable signal exists beyond 20s. The
integrated intensity of all resulting signals gives one indication of
the sensitivity of the experiment in comparison to direct observa-
tion of a similarly polarized sample (Fig 1). Correcting for differ-
ences in amount of sample an additional enhancement of a factor
of ~20-fold is observed. This is again somewhat short of expecta-
tion based on the y-dependent sensitivity of °N vs 'H, but suffers
from the effects of loss due to multiple pulses, exchange, and relax-
ation as discussed below.

The effect of H/D exchange is of particular interest. Simulations
of signal decay for different exchange rates are shown in Fig. 5a
which depicts relative intensities and Fig. 5b which has been nor-
malized to make comparison of decay rates easier. The simulations
use the same 1.35 s repetition time and the same H,0/D,0 compo-
sition used for the experiment in Fig. 4. At high exchange rates ini-
tial intensities are large (Fig 5a) because a large proportion of
protons are introduced at each cycle. Intensities tend to converge
to a constant high value (Fig 5a) and decay rates to a constant value
(Fig 5b) at the rapid exchange limit where the fraction of polariza-
tion sampled by each pulse is simply given by the fraction of pro-
tons in the dissolution buffer. However, decay in this limit is rapid
with a rate dictated by how frequently polarization is sampled. In
principle, one can decrease the decay rate to some extent by using
longer spacing between cycles, but the decay will ultimately reflect
the average R, spin relaxation properties of protonated and deuter-
ated species and in most cases will be dominated by the proton-
ated species. This sacrifices the advantage of the long relaxation
times of the initially deuterated '°N sites.

As exchange rates become slow compared to recycle rates the
amount of signal retrieved at any step decreases, and the decay
rates eventually are governed by the R; relaxation rates of the fully
deuterated '°N sites. In between the decay rates are quite sensitive
to the actual H/D exchange rates and measurement could be used
to indirectly probe environmental conditions such as pH through
their proportionality to the hydroxide ion concentration (above
pH 4). For applications dependent on high sensitivity over long
periods of time, exchange rates need to be optimized to extend
the lifetime of magnetization. Where possible, this can be accom-
plished by reducing the pH or reducing the proton content of the
sample solution.

An additional influence on apparent decay rate, as described by
Eq. (4), comes from imperfections in pulses that return magnetiza-

tion of fully deuterated sites to the +Z axis. Also relaxation (R;) of
magnetization during times spent in the transverse plane contrib-
utes to decay by preventing a full return to the +Z axis. Minimizing
time spent in the transverse plane and the use of precise or com-
pensated 180° and 90° pulses can help, but there will always be
some loss with each repetition cycle (in addition to spin-lattice
relaxation loss). Minimization of this loss can be achieved by lim-
iting the number of steps repeated over a desired observation per-
iod. The effect of reducing the recycling rate is shown in Fig. 6a.
Maintaining the pH at 5 and reducing the H,O content to 10% while
increasing 7 to 10s resulted in an observed decay rate of
0.073 £0.001 s~!, nearly one-third the rate shown in Fig 4 and
nearly at the theoretical limit for ND, longitudinal relaxation
(0.05 s~ 1) as shown in Fig. 2. With these parameters clear signal
was detected past 60 s, a significant improvement in the functional
window of the method.

4. Discussion

The data presented above successfully demonstrate an ability to
enhance detection of an important nitrogen donor in mammalian
metabolism. Comparison of directly observed !°N spectra collected
with the same spectrometer on a normal room temperature sam-
ple using signal averaging conditions and on a DNP hyperpolarized
sample with a single pulse, show an enhancement in direct >N
observation of a factor of 8000. The enhancement in this compar-
ison would come totally from DNP effects. Several mechanisms
can contribute to DNP enhancements [21], however for low y nu-
clei using trityl radicals and an apparatus similar to that used here,
thermal mixing has been suggested as the dominant mechanism
[22]. Under strong microwave saturation the nuclear and electron
pools would come to the same spin temperature, one not depen-
dent on the size of nuclear moments. Polarization would vary from
one at the low temperature limit to smaller values with an inverse
dependence on spin temperature and linear dependence on the nu-
clear magnetogyric ratio in the high temperature limit. Given that
enhancements as high as 44,000 and 23,000 for 'C and °N respec-
tively have been achieved using DNP and a trityl radical [23], the
enhancement of 8000 that we observe for '°N without a great deal
of attention to optimizing DNP conditions is reasonable. Some fur-
ther benefit can clearly be achieved by optimizing conditions.

Our primary objective was, however, to explore additional
enhancement that can come from indirect detection of >N through
directly bonded protons. The intensities of the >N coupled
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glutamine spectrum, summed over the entire sampling time, pro-
vide a reasonable comparison to direct '°N detection of a similarly
polarized sample. Making this comparison we find an additional
enhancement of a factor of 20. This is short of expectations. In prin-
ciple a single pulse after INEPT transfer on a fully protonated glu-
tamine sample should yield an additional enhancement of 100, one
factor of 10 coming from the higher proton magnetic moment and
another factor of 10 coming from the higher precession frequency
and associated higher induced voltage in the probe detection coil.
The deviations can come from a number of sources. First, we have
not included the first sampling in our summation, because this
point includes an enhanced level of exchange occurring during dis-
solution, and transfer to the spectrometer (about 5 s). Second, we
are losing signal due to spin-spin and spin-lattice relaxation over
the entire sampling time. And third, pulses in the sequence are
imperfect and yield additional losses due to an incomplete return
of unsampled N magnetization to the +Z axis. However, the
enhancements coming from indirect detection through protons
are significant. When combined with the factor of 8000 coming
from DNP enhanced '°N polarization we have achieved a 160,000
fold enhancement over single pulse direct >N observation on a
sample having the polarization of a normal room temperature
Boltzmann distribution.

Aside from enhanced sensitivity, the use of a deuterated precur-
sor adds significantly to the time period over which hyperpolariza-
tion can be used to monitor kinetic processes. Our spin relaxation
experiments show the relaxation time for the fully deuterated
sidechain nitrogen of glutamine to be a factor of 3.6 longer than
that of a fully protonated sidechain nitrogen (Fig. 2). To take full
advantage of the longer spin relaxation times of fully deuterated
amide groups requires amide deuteron for amide proton exchange
times to be comparable to the spin relaxation time scale. The glu-
tamine sidechain amide protons are not optimum in this respect.
At pH 6 and 25 °C glutamine sidechain amide deuterons exchange
rates are on the order of 1s~! [17]. As illustrated, we can slow the
effective exchange rate. We can likewise tune the exchange rate by
altering the pH (data not shown), with rates expected to drop an
order of magnitude for every pH unit [17]. It is also possible to slow

exchange by partial deuteration of the buffer. Only 10% of the ex-
changes would be effective in a 90% deuterated buffer. These are
not likely options for in vivo studies, but studies of rapid enzymatic
reactions in vitro may well tolerate a range of pH and buffer com-
positions. This method dissolves the hyperpolarized material with
a deuterated solvent to maintain the slow relaxation properties of
the deuterated and hyperpolarized nucleus during transfer, and the
dissolution volume limits the percentage of protonated solvent in
the high resolution spectrometer (data not shown). Reducing the
dissolution volume or using a different method for D/H exchange,
perhaps through enzyme catalysis, would reduce deuterium con-
tent in the final mixture to approach a condition closer to 100%
H,O0.

A relaxation rate on the order of 0.05s™' and enhancements
near 160,000 open wide possibilities for metabolic investigations
of nitrogen utilization in enzyme catalyzed reactions. The factor
of 160,000 over direct nitrogen detection of normally polarized
samples represents a factor of 160 enhancement over direct detec-
tion of normally polarized protons. If we assume that the inherent
sensitivity of a modern spectrometer allows detection of proton
signals from a 50 uM sample of a metabolite of interest with a sin-
gle pulse, and that one samples polarization spread over 8 repeti-
tions and 40s, a factor of 160 enhancement suggests that one
should be able to follow a process that produces a change in sub-
strate or product concentration of approximately 0.5 uM s~!, and
do so with the selectivity inherent in an isotope filtered
experiment.

For in-cell systems there are a number of interesting processes
that lead to concentration changes on the order of our demon-
strated sensitivity and over appropriate timescales. For example,
transport of glutamine into mitochondrial particles from Ehrlich
tumor cells concentrated to a level of 10 mg/ml protein would re-
sult in a change of 40 UM in external glutamine concentration over
the first 5 s [24].

The future use of the methodology described for in vivo applica-
tions may lie more with compounds for which inherent exchange
rates are lower. The choices are broad with nitrogens carrying
slowly exchanging protons found in compounds ranging from
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peptides to nucleic acids to N-acetylated sugars. The methodology
itself is also not restricted to '°N. There are a number of com-
pounds with proton carrying '3C sites that exhibit exchange of
deuterons for protons in the course of enzyme catalyzed reactions.
Similar extensions of relaxation times and enhancements through
indirect detection should impact on studies of these systems.
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