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Dynamic Nuclear Polarization (DNP) can substantially enhance the sensitivity of NMR experiments.
Among the implementations of DNP, ex-situ dissolution DNP (dDNP) achieves high signal enhancement
levels owing to a combination of a large temperature factor between 1.4 and 300 K with the actual DNP
effect in the solid state at 1.4 K. For sufficiently long T; relaxation times much of the polarization can be
preserved during dissolution with hot solvent, thus enabling fast experiments during the life time of the
polarization. Unfortunately, for many metabolites found in biological samples such as blood, relaxation
times are too short to achieve a significant enhancement. We have therefore introduced '>C-carbonyl
labeled acetyl groups as probes into amino acid metabolites using a simple reaction protocol. The advan-
tage of such tags is a sufficiently long T; relaxation time, the possibility to enhance signal intensity by
introducing '3C, and the possibility to identify tagged metabolites in NMR spectra. We demonstrate fea-
sibility for mixtures of amino acids and for blood serum. In two-dimensional dDNP-enhanced HMQC
experiments of these samples acquired in 8 s we can identify acetylated amino acids and other metabo-

lites based on small differences in chemical shifts.

© 2019 Published by Elsevier Inc.

1. Introduction

The dissolution Dynamic Nuclear Polarization (dDNP) experi-
ment pioneered by Ardenkjaer-Larsen et al. [1] can achieve signal
enhancements at the order of magnitude of 10,000-fold, for nuclei
with low gyromagnetic ratios such as '>C and '°N. These large
enhancements arise from a combination of a temperature factor
(for polarizations at temperatures <1.5 K and dissolution to room
temperature) and the actual DNP effect [2-4]. The requirements
of freezing the sample in a glass state and dissolving with hot sol-
vent in order to transfer it to an NMR magnet for spectrum acqui-
sition limits the selection of molecules amenable to this approach
to those with sufficiently long T; relaxation times. Dissolution DNP
has gained considerable importance as it forms the basis for what
is now often termed chemical shift metabolic imaging [5], mainly
using pyruvate as the polarization carrier. The limiting factors for
dissolution DNP are the relatively long polarisation time and the
need to carry out the experiment within the short time frame of
the T, relaxation time of the analyte. As a consequence, a variety
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of systems were implemented with the ultimate goal of eliminat-
ing sample transfer time, either by using a pressurised sample
delivery system [6,7], by using dual-centre magnets [8] or recently
by a solid pellet driven sample transfer approach [9]. Such imple-
mentations have enabled applications in protein folding and reac-
tion monitoring [10-13].

There have been several approaches to design probes with long
life times which can preserve polarization over an extended period
of time. For example, very long life-times are achieved for some
15N-bearing probes. Considerable research has been carried out
to identify molecules with long-lived spin states, some have life-
times greater than 15 min [14-17]. However, only few probes
can be attached to other molecules and are suitable to identify dif-
ferent molecules as part of a mixture in NMR experiments. This is
where formyl and acetyl tags possess a significant advantage. As
shown by Raftery and co-workers [18] the combined methyl-
proton and !3CO chemical shifts of N-acetyl-tags have sufficient
dispersion to distinguish 20 amino acids in a ‘long-range’ HSQC
spectrum utilizing the small ?Jcy coupling constant between the
methyl protons and the '>CO. Wilson et al. showed the utility of
13C-labeled acetyl probes in conjunction with dDNP for one-
dimensional spectra of glycine, serine, valine and alanine [19].
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The life-time of acetyl groups is sufficiently long for dDNP experi-
ments (T, ~ 40 s), especially when fast transfer systems such as
high-pressure dissolution devices are used [15]. The T; of the acetyl
group is longer than that of the other '*C-nuclei in amino acids,
although shorter than typical long-lived tags [14-17]. Here we
show how acetyl probes can be used to obtain two-dimensional
13C-observed HMQC spectra after polarization of mixtures of acety-
lated amino acids. We also show that the dDNP approach yields
sufficient sensitivity to identify a range of common amino acids
in bovine blood serum after acetylating NH- and OH-bearing mole-
cules in serum using '3C-labeled acetyl tags.

2. Implementation

In order to evaluate the suitability of acetyl-tags to analyze mix-
tures of metabolites using dDNP, we first used two test samples
comprising a mixture of amino acids, and also applied the acetyla-
tion procedure directly to fetal bovine blood serum. As initial test
samples we used mixtures of 5 and 20 amino acids. Samples were
acetylated using a simple and fast reaction where '*C-labeled
acetic anhydride is used to attach tags to NH, groups of amino
acids (see Section 4). This reaction can be carried out to achieve
virtually complete acetylation of all NH groups [18]. The '3CO
along with the methyl protons can be used for long-range
TH-13C-HSQC or HMQC spectra based on the small ?Jcy coupling
constant of ~7 Hz. In such spectra one signal is observed per amino
acid, except for amino acids with side chains NH, groups, such as
lysine where a second signal will be observed.

3. Results and discussion

A long-range '3C-'H-HMQC spectrum for the N-acetylated
amino acids glycine, threonine, valine, alanine and proline,
obtained after 3 h of polarizing >C using the OX63 trityl radical,
followed by fast dissolution, shows all the expected signals with
assignments taken from [18] (Fig. 1A). The acquisition of the HMQC
spectrum was carried out as described earlier [20] with '3C in the
direct, and 'H in the incremented dimension, using a small flip
angle HMQC sequence that preserves z-magnetization between
increments (Fig. 1B, see Section 4 for details). For acetyl groups
the 3CO-signal of the acetyl group is acquired followed by a trans-
fer to protons and then back to '3C for acquisition using the pulse
sequence shown in Fig. 1B. Decoupling can be used without
destroying polarisation and fractions of the available polarisation
can be read out for each increment of the 2D-experiment. All dDNP
spectra were rotated by 90 to show the incremented 'H-axis in the
horizontal direction in order to be directly comparable to a conven-
tional HSQC spectrum. An equally good result was obtained for a
mixture of all 20 amino acids as shown in Fig. 2B. In this spectrum
most of the signals could be assigned by comparing chemical shifts
previously reported by Shanaiah et al [18]. There is also reasonably
good agreement between this spectrum and an analogous conven-
tional thermal 'H-'3C-HSQC spectrum (acquired in 40 min)
(Fig. 2A), although resolution is not as good in the 10sec dDNP
enhanced spectrum which makes it difficult to compare the two
for all signals. The dDNP spectrum shows also one extra signal at
177 pm/1.35 ppm (labeled *) which is likely a side chain CO of glu-
tamate and some signals seem to be shifted and can therefore not
be assigned by comparing chemical shifts. There are also some sig-
nals missing in the dDNP spectrum, specifically signals for pheny-
lalanine (F) and tyrosine (Y), although the second signal for Y is
present. Some differences may be explained by lack of temperature
stability and the presence of the radical. Considering that it is aro-
matic aminoacids that we don’t observe an interaction with the
radical is the most likely cause, especially considering that self-

assembly and interaction with other molecules has already been
shown for the OX63 radical that has also been used in this work
[21,22].

In order to assess whether the method could be generalized to
real biological samples, we applied the methodology to fetal
bovine blood serum. When acetylating blood serum, proteins had
to be removed to avoid acetylation of protein amino acids, which
would limit the yield of acetylation for small molecules, as the
anhydrite also reacts with amino acids in proteins in which
reduces the yield of acetylated small molecules (see Section 4). A
2D-'3C-'H-HMQC spectrum acquired after dDNP in 8 s after polar-
ization at 1.4 K for 2-3h is shown in Fig. 2D. There is good agree-
ment between this spectrum and an analogous convention
thermal 'H-'3C-HSQC spectrum (Fig. 2C). It should be noticed that
the sample concentration in the thermal sample was 80 times
higher than in the DNP sample.

Although conventionally acquired HSQC spectra can easily be
acquired with longer acquisition times at a higher resolution, this
work demonstrates the potential of dDNP in the context of small
molecule mixture analysis. Metabolomics and DNP-NMR are fast
developing fields [4]| and there are several alternative methods to
obtain fast HSQC or HMQC spectra, the most commonly used being
the ultra-fast sequence [2,23]. We chose the small flip-angle HMQC
as it is less demanding on hardware and can be carried out using
conventional heteronuclear NMR probes.

The use of acetyl tags largely eliminates one of the biggest dis-
advantages of dDNP, where intensities are scaled by the T; of the
hyperpolarized nucleus in the dissolution buffer. Considering the
similarity of structure and small difference in size between amino
acids we expect minimal differences in T; of the acetyl tag after
dissolution. At the same time the chemical shift dispersion is suf-
ficient to identify all natural amino acids, even with low resolution
spectra.

While this work demonstrates the applicability of dDNP for typ-
ical metabolomics applications, the limiting factor is in the long
polarization times which can be overcome by a number of options,
including polarization via protons or parallel polarization of multi-
ple nuclei specimen. Even though a conventional HSQC would be
preferable at this point, it is increasingly clear that dDNP will play
a role for specific applications, and the use of the acetylation
method described here in the context of dDNP could be of signifi-
cant value for real-time cell-based experiments that are currently
being developed in many labs [25-27], and also in the context of
using micro-detection NMR where ultimate sensitivities are of
paramount importance [28,29].

4. Experimental
4.1. Preparation of acetylated samples

We prepared three samples to be tagged with 1>C-labeled acetyl
groups: (i) a 5 aminoacid mixture to help calibrate the experimen-
tal conditions, (ii) a 20 aminoacid mixture to prove that an analysis
of a relatively complex mixture is possible using dDNP and finally
(iii) a sample of acetylated deproteinated bovine serum to prove
that the method is applicable to more complex biological samples.
Our sample preparation is based on a previously published proto-
col [18]. The exact sample preparation for each is described below.

Initially 100 mM stock solutions were prepared for all amino
acids. For the mix of 5 amino acids 200 uL were taken from each
stock solution (total volume 1 mL) and 20 L of acetic anhydride-
1,1'-13C, were added while constantly adjusting the pH under stir-
ring for 30 min to the value of 8. Subsequently, the sample was lyo-
philised and reconstituted in 1 mL of D,O to reach a final
concentration of 20 mM for each amino acid. For the DNP experi-
ment this was further diluted 1:1 with DMSO dg to achieve a glass
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Fig. 1. A. "*C-"H-FAST-HMQC dDNP spectrum of standard sample containing the N-acetylated amino acids glycine (G), threonine (T), valine (T), alanine (A) and proline (P),
acquired using the pulse sequence in panel B, where >C was observed and 'H incremented. B. Small flip-angle HMQC sequence used for data acquisition of DNP spectra. In
this sequence z-magnetization is preserved between increments and a small portion is read out by a small flip angle for every increment (pulse labeled o). The solid
rectangular pulses are 90° hard pulses, and the adiabatic 180° '*C pulse (y) had a hyperbolic secant shape with the pulse length set to 1 ms to avoid losses arising from B field
inhomogeneity. The HMQC delay & gave optimal S/N at 1/(2 * 7 Hz) for the long-range %Jc; coupling from the methyl-'H to the carbonyl-'3C. Pulsed field selection gradients
gp1 and gp2 of 1 ms were executed at relative power levels (gp1 * (yc — yu) = €2 * yc), i.e. gp1:gp2 = 1:3 (22%/66%). The crusher gradient was of arbitrary strength (45%).

state, i.e. the final concentration in the cup was 10 mM. Of this
100 uL were put in the polarizer, yielding a concentration of
250 uM for each aminoacid after dissolution with 4 mL of hot
solvent.

For the mixture of 20 amino acids the procedure was similar:
10 uL of amino acid was taken leading to a final volume of
200 uL; 40 pL of acetic anhydride-1,1-3C, were added to produce
the labeled sample. Both samples containing the acetylated amino
acids had a dissolved concentration of 250 uM for each of the 20
standard amino acids.

The acetylated serum sample was prepared by taking 10 mL of
FBS (PAA, Fetal Bovine Serum Gold, EU approved) to which 50 mL
of methanol was added to precipitate proteins. After spinning
down precipitated proteins for 15 min at 10.000 rpm, another
50 mL of methanol were added, followed by an additional centrifu-
gation step. These two steps were essential to avoid losses in small
molecule acetylation. The supernatant was then passed through a
10 kDa molecular weight cut-off filter (pore size 5nm). Subse-
quently the sample was lyophilized and then dissolved in D,0.

For DNP experiments 100 pL were pipetted into the DNP cup along
with an equal amount of DMSO dg. In order to maximise the disso-
lution efficiency, frozen beads were prepared by pipetting small
amounts of material on a plate cooled with liquid nitrogen, just
before inserting the cup in the polariser.

4.2. NMR and dissolution-DNP experimental details

Polarizations were carried out using a Hypersense® DNP polari-
ser from Oxford Instruments. The optimal polarization frequency
for 13C was 94.090 GHz. The microwave power was set at 100
mW and the cryostat temperature was set at 1.4 K, polarization
times were 2-3h. Dissolution was performed using a one to one
mixture of methanol and water preheated at 463.15 K and pres-
surised to 9 bar. Radical used throughout the study was the
0X63 trityl radical.

A '3C-'H-HMQC pulse sequence (Fig. 1B) with small flip angle
incrementation (Fig. 1B), similar to the one previously published
[20], was employed, which preserves magnetization on the z-axis
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Fig. 2. A and C: Echo-antiecho long-range HSQC of a mixture of 20 '*CO-acetylated amino acids (A), and '*CO-acetylated serum (C). B&D: Respective dDNP small flip angle
13C-"H-HMQC [24] spectra of the same samples. Spectra in B&D were rotated, i.e. the incremented 'H dimension is shown in horizontal direction for comparison with thermal
HSQCs. (T, threonine, S, serine, V, valine, Y, tyrosine, E, glutamate, I, isoleucine, G, glycine, L, leucine, Q, glutamine, N, asparagine, M, methionine, A, Alanine, D, aspartate, K,

lysine, C, cysteine, H, histidine, P, proline, F, phenylalanine and *unassigned signal).

between scans and reads out magnetization using subsequently
small flip angles.

The acquisition time for the small flip-angle HMQC was 0.5 s
per increment. The number of points was 512 in the direct
dimension and we acquired 16 increments. The total NMR exper-
iment time was 10 s, with the preacquisition delay set to 1.5-2s.
Preacquisition delay is the time needed between the timepoint of
the Hypersense producing a trigger signal and the actual sample
transfer being completed, and it varies with the transfer system.
Using the in-house high pressure transfer system which we
described here, optimal value for this solvent system was found
to be 1.5s. For the conventional dissolution system this value
was optimised at 2 s, for this matrix. Therefore, the total acquisi-
tion time for the 16 increments was 9 s. The FIDs were zero-filled
to 4 k points in the direct and 128 points in the indirect dimen-
sion. Transmitter offsets were set as 171.5ppm for '>C and
2.438 ppm for 'H, respectively. Spectral widths were set to 4
and 0.4 ppm respectively. The in-house high-pressure transfer
system is slightly faster, although for 50/50 methanol/water
transfer the experiments can also be performed with the standard
Hypersense® dissolution system.
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