


real-time detection of metabolic conversion allowing to probe

metabolic dysfunction in, for example, cancer.[4–8] The metabo-

lite that is used the most for metabolic studies is 1-13C-enriched

pyruvate which is even in clinical trials as a disease marker for

cancer in magnetic resonance imaging studies.[7] The most

prominent hyperpolarization technique is dissolution DNP

(dynamic nuclear polarization), which is, however, only available

to a few sites due to its high instrumentation complexity, high

costs, and the production of hyperpolarized compounds takes

long times (tens of minutes to hours).[4–13] Para-hydrogen-based

techniques promise to be a solution for the fast (seconds)

production of hyperpolarized compounds in easy-to-use devi-

ces that can also be mobile.[14–31] To obtain enhanced and 13C-

labelled metabolites such as pyruvate, para-hydrogen is reacted

with an unsaturated metabolite precursor, the polarization is

subsequently transferred to a 13C atom of interest in the

metabolite, followed by rapid conversion of the precursor into

the desired metabolite.[21] So far, pyruvate could only be

obtained with para-hydrogen enhancement strategies at polar-

ization levels below 10 % in water,[21,22] which is considered as

the threshold for in vivo studies.[27] First metabolic in vivo and

cell studies have been carried out with this approach.[22,44] As an

alternative para-hydrogen method, the signal amplification by

reversible exchange (SABRE) is extensively researched,[32–43] but

has so far only delivered highly enhanced metabolites limited

to organic solvents. Most recently, up to 10% polarization of

1-13C-pyruvate in methanol was achieved, and the approach has

not yet been applied to biological studies.[42,43]

Here, we demonstrate a strategy that allowed us to

successfully obtain large degrees of polarization of various

labelled forms of pyruvate in water. In particular, 1-13C pyruvate

is enhanced to 27 % 13C polarization on average. With such

large signal enhancements, we carried out studies on a cell

model for Parkinson’s diseases and could show that metabolic

changes can be observed with our hyperpolarized probes.

Additionally, we propose here and introduce a protocol to

combine hyperpolarization as real-time metabolic readout in

connection with in-cell NMR[46–51] experiments to potentially

determine structural parameters of proteins and their impact

on metabolic changes.

Results and Discussion

The overall concept of our study is presented in Figure 1. Here,

the right column shows the hyperpolarized metabolite prepara-

tion with para-hydrogen as explained above for use in cell

studies and potential in vivo imaging experiments. The left

column demonstrates the in-cell NMR preparation that will be

used together with hyperpolarization for real-time cell monitor-

ing. For the latter, isotopically labelled proteins are brought

into the living cells using electroporation. After cell recovery,

the living cells can be used for structural NMR studies of

proteins, and hyperpolarization is used as a real-time metabolic

readout.

With a view on efficiently enhancing metabolite signals with

para-hydrogen, three elements need to be considered and

optimized: 1) the precursor to which para-hydrogen is added, 2)

the polarization transfer scheme to convert para-hydrogen spin

order into 13C polarization, and 3) the purification. Here, we

have succeeded in synthesizing optimized 13C precursors for

pyruvate that allow us to maximize the obtainable polarization.

In addition, we report on a new magnetic resonance procedure

that allows to obtain largely enhanced 13C metabolites. To

accomplish this in a most efficient manner for a wide variety of

molecules, we describe a new pulsed magnetic resonance

approach (see Supporting Information) for which we propose

the acronym MINERVA (Maximizing Insensitive Nuclei

Enhancement Reached Via para-hydrogen Amplification). The

MINERVA sequence allows, using hard pulses, to achieve more

than 80 % theoretical spin order transfer for three-spin systems

consisting of two para-hydrogen-enhanced protons and one

heteronucleus in the weak coupling regime. The only exception

is when the two couplings of the protons to the heteronucleus

are equal, which leads to a reduction in efficiency to 50%. As

we are using hard pulses for the MINERVA sequence, a

homogeneous field is not necessary for the polarization trans-

fer. Due to the larger addressable amount of coupling networks,

this sequence is more versatile than our recently published

ESOTHERIC method. Our results regarding the enhancement of

different 13C nuclei within the metabolites pyruvate and lactate

are listed in Table 1. Especially for 1-13C-enriched pyruvate, we

Figure 1. Concept to study protein structure and real-time cell metabolism

in cells on an atomic-scale. Left: preparation of cells with isotopically

enriched proteins. Right: Enhancement of 13C-enriched metabolites within

seconds for the read-out of the metabolism. Para-hydrogen (para-H2) is used

as the source to give enhanced proton signals (yellow) that are converted

into enhanced 13C signals (red) of the metabolites
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achieve 27�1 % 13C-polarization (up to 50,000-fold signal-

enhancement compared to the normal/thermally polarized

signal at B0=7 T). All of the precursors were fully hydrogenated

and the procedure was optimized for full cleavage. The steps

that lead us to obtain such a large polarization is due to the

combination of the optimized pulse sequence, the chemistry

strategy to obtain deuterated precursors, and our approach to

deliver aqueous solutions of pyruvate. With respect to the

deuteration, the longitudinal relaxation times of the signal-

enhanced protons originating from para-hydrogen are larger

than 100 s (see Supporting Information for details on the

compounds). Such a large time reduces relaxation effects

during the hydrogenation and spin order transfer. Furthermore,

there are no additional spectator spins in the fully deuterated

molecules that would need to be decoupled, which could

otherwise interfere with the pulsed transfer of polarization.

Briefly, the hyperpolarization experiments are conducted in

acetone, and upon completion of the spin order transfer, a

basic cleavage solution is added. Acetone, which does not form

an azeotrope with water, is afterwards removed by evaporation,

for example, with a high vacuum pump. After this step, we did

not observe any residual acetone signal and thus make the

conservative estimate that less than 1 L could still be present

in the aqueous solution. During this evaporation step, the

catalyst precipitates as it is insoluble in water.

For the conducted biological studies, it is then enough to

adjust for the desired pH and push the aqueous solutions

through a filter (e. g., a 0.2 m sterile filter) to obtain a solution

with residual rhodium content of 17�5 m that did not show

influence on the cell viability (see Supporting Information). With

a view on in vivo studies, this rhodium content is considered

orders of magnitudes lower than the LD50 value for rodents of

several rhodium complexes.[22]

Furthermore, we demonstrate that, with our MINERVA

sequence, two 13C spins can be enhanced alike within the same

molecule when both 13C atoms couple to each other.

Focusing on 1-13C-pyruvate, we were able to study the

impact of -synuclein overabundance and absence on human-

derived cells in real time on metabolic rates. The protein -

synuclein has been linked to multiple systems atrophy (MSA)

and Parkinson’s disease whereby it is found in neurons in Lewy

bodies, the characteristic pathological lesion.[52,53] As neuro-

degeneration has not only been linked to proteinopathies[52–55]

but has also been connected with metabolic dysfunction,[56–60]

the interplay between protein and altered metabolism is

complex, and unravelling how one affects the other promises to

obtain new insights into the diseases with the ultimate goal to

develop treatments. -Synuclein has been described to play a

role in mitochondrial health and metabolism.[57,58] Pyruvate is

metabolized within the mitochondria via the TCA cycle to

Table 1. Signal-enhanced metabolites (10 mm) in H2O and their precursor with corresponding signal enhancement (ɛ) and polarization (P). Blue indicates

the metabolite with the enhanced nuclear spin in red. Black indicates the protection group/side arm that is being cleaved.

Metabolite ɛ (B0=7 T) P (13 C) Precursor ɛ (B0=7 T) P (13 C)

49200�1800
27�1 %

109000�5000 59.7�2.5 %

1-13C-pyruvate (1) ethyl pyruvate (1a)

15700�1300 8.6�0.7 % 31700�1100 17.4�0.6 %

1-13C-pyruvate (1) cinnamyl pyruvate (1a’)

7100�700 3.9�0.4 % 19500�1300 10.7�0.7 %

2-13C-pyruvate (2) ethyl pyruvate (2a)

2 × 13C:

13500�1800 &

11800�700

2 × 13C:

�7.4�1.0 % &

+6.5�0.4%

2 × 13C:

42800�2900&

44400�700

2 × 13C:

�23.5�1.6 % &

+24.4�0.4 %

1,2-13C-pyruvate

(3)

ethyl pyruvate (3a)

18800�3600 10.3�2.0% 55200�4000 30.3�2.2 %

1-13C-dl-lactate (4) ethyl acetyl lactate (4a)
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produce adenosine triphosphate (ATP). Under low oxygen

conditions, mitochondria oxygen-independent ATP generation

through the lactate dehydrogenase (LDH) is possible. However,

this reaction is inefficient and produces lactate as a byproduct.

High levels of lactate on affected brain regions of Parkinson’s

patients and the impact of -synuclein in mitochondria function

have been reported.[61,62] Therefore, we expect that an increase

of the pyruvate-to-lactate conversion can be rapidly assessed

with our approach in cells that express -synuclein in high

levels when compared to cells not expressing it. To prove this

hypothesis, we compared a human cell line (HEK293T)

engineered to either overexpress -synuclein with a line in

which the -synuclein gene was knocked out, thus lacking the

protein (Figures 2A and B). Immunofluorescence imaging and

western blot analysis confirmed the expression or absence of -

synuclein in the respective cell lines. By adding signal-enhanced

pyruvate to both cell lines and observing the real-time

metabolism by NMR, we monitored the pyruvate-to-lactate

conversion (Figure 2C). When analyzing the metabolic rates, it

became evident that the cells overexpressing -synuclein had

twice the rate of lactate production when compared to the

knock-out cells.

We furthermore investigated the impact of the mitochon-

drial complex I inhibitor rotenone on these cells. Rotenone has

been linked to the manifestation of Parkinson-like symptoms in

rodents.[63] It inhibits the aerobic mitochondrial function, which

leads to higher LDH activity and, hence, to an increase of lactate

production. As expected, when exposed to 2 m of the drug for

24 h, both cell lines showed an increased lactate production

rate (Figure 2D). Mitochondria of cells overexpressing -

synuclein showed the highest observed rate.

Lastly, we introduced uniformly 15N-isotope-labelled -

synuclein at around 5 m (final cellular concentration) into a

human-derived cell line (HeLa) and could show that metabolism

and structure can be detected in the same living cells. The

results are depicted in Figure 3. First, we measured the cellular

metabolism to monitor the pyruvate-to-lactate conversion (Fig-

ure 3C). Afterwards, the same cell sample was used to

investigate the -synuclein structure by 2D NMR spectroscopy.

We would like to note here, that the metabolomic experi-

ments do not affect the downstream structural analysis (Fig-

ure S38, Supporting Information). The monomeric form of -

synuclein still remained predominant in the cell, and so did the

intrinsic structural disorder, in accordance with previous

findings.[46,47] This is seen from the multiple appearing peaks in

the spectrum (Figure 3A) that have not broadened due to, for

example, aggregation processes. The small chemical shift differ-

ences of backbone amides between the in-cell and the

disordered isolated proteins ( <0.02 ppm) imply that cyto-

plasmic conditions do not induce major conformational

changes. By comparison to -synuclein in buffer, the in-cell

spectrum (Figures 3A and B) revealed that major signal

attenuations primarily occur to the first ten N-terminal residues,

to the amino acids around Tyr39, and also to the C-terminal

region, a characteristic pattern of the protein recapitulating

different mammalian intracellular environments.[44] The reduced

signal intensities in these regions were proposed to partly result

from the reduced mobility in the cell and also partly from weak

transient hydrophobic and electrostatic interactions of N- and

Figure 2. Signal-enhanced magnetic resonance as a biomarker for proteino-

pathies: (A) Equally acquired and scaled confocal images of immunoassayed

HEK 293T cell lines with overexpressed (OE) -synuclein and with the -

synuclein gene knocked out (KO); cell nuclei (cyan) and -synuclein (yellow).

Scale bar: 10 m. (B) Western blotting of -synuclein level of the HEK -

synuclein KO and OE cells line (kilodaltons (kDa)). (C) Series of enhanced 13C

NMR spectra acquired after perfusion of HEK cells with 1-13C-pyruvate. Time-

dependent integrals of the signals signal were analyzed to obtain the

pyruvate to lactate conversion rate (VPL). (D) Box plots of VPL obtained from

the following conditions: -Syn KO (n=4) and OE (n=4) without rotenone

and -Syn KO (n=6) and OE (n=4) cells with rotenone (Rot.) treatment for

24 h. Statistical significances were obtained using a one-tailed student t-test.

*P<0.05; **P<0.01.

Figure 3. Atomic-scale live cell monitoring: (A) Left: overlay of 1H-15N 2D

NMR spectra of uniformly 15N isotope-enriched -Syn in HeLa Kyoto WT cells

delivered through electroporation (red) and in buffer without cells (black)

(representative spectra, n>3, respectively); right: differences of their

chemical shifts of non-proline backbone amides. (B) Profile of signal intensity

ratio of backbone amides of -Syn in cell to those in buffer in arbitrary units

(A.U.). The ratio values are averaged among three consecutive amino acids

for simplification. Arrows point to amino acid regions experiencing major

signal broadening. (C) Signal-enhanced 13C NMR spectra revealing the

pyruvate-to-lactate conversion over 3 minutes of the same -synuclein

containing HeLa cells as in (A).
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C-terminus with intracellular components. On the contrary, the

signal intensities of the aggregation-prone NAC region were

less affected because the region was in the center of the -

synuclein compact, shielded from exposure to the

cytoplasm.[46,47]

Conclusion

We introduced a para-hydrogen-based approach that allows for

obtaining largely 13C-enhanced metabolites within seconds.

Using signal-enhanced magnetic resonance, we were able to

monitor the impact of the presence of proteins such as -

synuclein related to Parkinson’s disease on the metabolic

function of the studied cells and, specifically here, the rate of

lactate production. Additionally, we provide a combination of

real-time metabolism studies and in-cell protein structure

monitoring. For future studies, we are aiming at analyzing how

proteins and metabolism affect each other in cells with the goal

to understand onsets of diseases better. In our view, future

optimization to further enhance the metabolite signals are of

technical nature by, for example, developing fully automatized

devices that perform the described processes. Additionally, the

precursor synthesis can be optimized. We here provide a first

synthetic approach to obtain deuterated 1-13C-labelled vinyl

pyruvate (single digit percent of yield) that is key to obtain

largely enhanced signals; for a mass use, the yields, however,

need to be significantly improved in the future.
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