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Abstract
We propose a method for real-time nuclear magnetic resonance (NMR) spectroscopy of hyperpolarized
proteins at residue resolution. The approach is based on dissolution dynamic nuclear polarization (d-DNP),
which enables the use of hyperpolarized buffers that selectively boost NMR signals of backbone amides that
incur magnetization fast from their surroundings. Capitalizing on the resulting spectral sparseness and
simultaneous signal enhancement, we obtained residue-resolved NMR spectra at a sampling rate of 2 Hz. We
could thus track the evolution of hyperpolarization at different protein residues simultaneously with time. This
was achieved under near-physiological conditions, i.e., in aqueous solution at physiological salt concentration
and at 37° C. With this development, two often encountered limitations of conventional solution-state NMR
can be addressed: 1) NMR experiments are typically performed under conditions that increase sensitivity but
are physiologically not relevant (low pH, low temperature) and; 2) signal accumulation over long periods
impedes the determination of fast (on the order of seconds) real-time monitoring. Both limitations are of equal
fundamental relevance: interaction studies under non-native conditions are of limited pharmacological
relevance, and the key to the function of proteins often resides in their interaction kinetics. The proposed
technique possibly opens new routes towards residue and temporally resolved spectroscopy at the atomistic
level by overcoming the need for signal averaging in residue-resolved protein biomolecular NMR.

Background
Processes involving protein interactions such as enzymatic reactions,1-2 biomineralization3-4, or molecular
recognitions5-6 evolve in time towards an equilibrium state. However, it is notoriously challenging to access
this temporal dimension while simultaneously maintaining high structural resolution.6-9 This is not least
because nuclear magnetic resonance (NMR) spectroscopy, the central method to access protein structures in
solution, typically focuses on systems in chemical equilibrium.10-11 This limitation is imposed by weak signal
intensities that necessitate longer signal averaging periods and thus impede time-resolved studies. However,
to adequately describe processes that evolve over time, methods are required that improve NMR signal
intensities and, at the same time, capitalize on the method’s intrinsically high (atomistic) resolution. We here
propose such a method based on dissolution dynamic nuclear polarization-boosted NMR and spin
hyperpolarization.12-14 

Indeed, hyperpolarization, in particular dissolution dynamic nuclear polarization (d-DNP) has recently been
developed to enhance NMR signals in residue-resolved studies of proteins15-20 and nucleic acids21 at
substantially improved signal intensities. To this methodological portfolio, we add a time aspect.

Due to the implementation of d-DNP as an ‘ex-situ’ technique, with an external hyperpolarization setup, it is
applicable to almost any type of molecule in solution. It provides up to >10.000-fold enhanced signal
intensities. As a result, this method enables access to time-resolved NMR data on milliseconds to seconds
timescales while guaranteeing applicability to a broad spectrum of target molecules. However, d-DNP has not
yet found many applications in biomolecular NMR despite these exceptional bene�ts. This is not least since
one has to give up the major advantage of solution-state protein NMR, namely residue-resolution. Indeed, the
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latter stimulated a large share of the timely NMR developments, including the development of a 1.2 GHz NMR
spectrometer.22

 Here we present a novel strategy that aims to overcome this predicament by using hyperpolarized water to
enhance nuclear magnetic resonance proton signals in proteins. Owing to this signal boost, we were able to
achieve simultaneously time- and residue-resolved NMR spectra of proteins.

This development addresses two major limitations of conventional solution-state NMR: 1) Experiments are
often performed under conditions that increase sensitivity but are physiologically not relevant (low pH, low
temperature) and; 2) signal accumulation over long periods impedes the determination of fast (on the order of
milliseconds to seconds) real-time monitoring. Both limitations are of equal fundamental relevance:
interaction studies under non-native conditions are of limited pharmacological relevance, and the key to the
function of proteins often resides in their interaction kinetics.

Methods
Our experimental strategy is based on two key concepts: hyperpolarized buffers and selective detection.

(1) Hyperpolarized sample buffers.23-24 These can be used to enhance the signals in protein NMR.
Hyperpolarization is here understood as a non-equilibrium state where the nuclear spins constructively align
along the magnetic �eld B0 to yield stronger signal amplitudes. This signal boost can be transferred from a

hyperpolarized solvent to a protein of interest through chemical exchange and NOE effects.25-26 With such
techniques, substantial signal enhancements of several orders of magnitude can be achieved.

(2) Selective detection.17, 25 It is possible to select a small subset of hyperpolarized residues for detection
using tailored NMR pulse sequences. As will be shown, spectra can be rendered so sparse that real-time
monitoring at high sampling rates of individual amino acids becomes possible if boosted by
hyperpolarization. 

In the following, these two concepts are going to be outlined �rst. Then, we demonstrate how to combine them
to achieve hyperpolarized real-time NMR of proteins. 

(i) Dissolution dynamic nuclear polarization as a tool to enhance protein signals

The experimental strategy for signal ampli�cation of proteins via hyperpolarized buffers has been laid out in a
series of recent publications.15-18, 25, 27-28 The method is based on the dissolution dynamic nuclear
polarization (d-DNP) technique. The procedure generally consists of three steps (Fig. 1): 

(1) preparation of hyperpolarized, i.e. NMR-signal ampli�ed water protons by DNP at cryogenic temperatures
(here TDNP = 1.2 K) and high magnetic �eld (here B0,DNP = 6.7 T) achieved by off-resonance microwave
irradiation (here νDNP = 188.38 GHz). 

(2) After the build-up, the hyperpolarized H2O is dissolved with a burst of superheated D2O and rapidly (here
ttransfer = 1.5 s) injected into an NMR tube waiting in a high-�eld detection spectrometer (here B0,NMR = 18.8 T,
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TNMR = 310 K), where it mixed in-situ with a solution of the target protein. After completion of the mixing

process, NMR detection is triggered. Here we acquired time series of 1HN-selective 15N-edited 1D 1H spectra
(similar to the �rst transient in a BEST-HMQC experiment)29 for 50 s after mixing. The pulse sequence was
applied without any water suppression in order to not accelerate the depletion of the hyperpolarized pool of
protons (see the Supporting Information for details).29

(3) During the detection period, proton chemical and magnetic (i.e., nuclear Overhauser effects; NOE)
exchange processes between the buffer and the target protein introduce 1H-hyperpolarization into the latter,
thereby selectively enhancing NMR signals of residues with favorable solvent interactions.25-26 

The resulting signal enhancement that can be achieved is exempli�ed in Fig. 1 (right) for the model protein
Ubiquitin (Ubq) under near-physiological conditions, i.e., in aqueous solution at physiological salt
concentrations, at pH 7.4 and 37 °C. Boosted signal amplitudes can be observed directly after mixing with
hyperpolarized water. With time, the signal amplitudes decay since the spin hyperpolarization relaxes towards
thermal equilibrium. Many resonances even drop below the detection threshold after the signal boost has
decayed. The physiological buffer conditions accelerate amide proton exchange and thus do not yield good
signal intensities in non-hyperpolarized spin systems.

(ii) Selecting a set of residues for detection

The hyperpolarization exchange e�ciency during step (3) of the d-DNP procedure depends on various
factors.17, 25-26 For a given buffer and temperature, the most important factors are the delay d1 between
successive NMR detections as well as the structure of the target protein, which determines solvent exposure,
as well as chemical exchange and NOE rates. We exploit this feature by �ne-tuning d1 such that only a subset
of residues with strong solvent interaction becomes su�ciently hyperpolarized for single-scan NMR detection.

Table 1. Enhancement factors and apparent decay rates of the 10 �tted lines.

Residue L8 A46 Q2 T14 L71/T12/Q49/R42 D39/I23 R74 L69 n/a G47

e 2.7 2.2 >11.6 6.2 12.4 9.1 12.8 5.0 >11.6 3.4

R1,app /
s-1

0.14 0.29 0.25 0.7 0.15 0.16 0.16 0.13 0.19 0.11

 To explore and put this dependency to use, we employed water-selective nuclear Overhauser spectroscopy
(WS-NOESY; Fig. 2a). Its three functional elements are: (a) A presaturation pulse-sequence that deletes all
protein polarization, i.e., protein NMR signals, (b) a mixing period τm during which polarization from the

hyperpolarized buffer can be transferred to the protein and (c) a 2D 1H-15N (HSQC) sequence for detection.
This design allows quanti�cation of the transferred polarization from the solvent to the protein at residue
resolution. The WS-NOESY approach to determine polarization transfer has been used in a series of recent
publications by Kadeřávek et al.25 and Hilty and co-workers.16, 28 They showed that proton exchange between
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water and protein transfers polarization to the latter depending on residue-speci�c exchange rates and
exchange-relayed NOEs.

Here we add time-traces of polarization exchange to the current picture. In particular, we investigate the
dependence on the mixing time τm. In line with our earlier work25, this con�rmed that the transfer kinetics

critically depends on the e�ciency of solvent interaction of a residue. Fig. 2b displays the signal 1HN build-up
due to the polarization transfer for our experimental conditions at the example of two residues, for slow (Q2,
left panel) and fast (L8, right panel) transfer (data for all other residues can be found in the Supporting
Information). The build-up curves show how the polarization is transferred from the solvent to the protein. The
signal intensity for mixing times of 500 ms are indicated (corresponding to the interscan delay in d-DNP
experiments, vide infra). For residue Q2 only little polarization is replenished within this time, while the
opposite holds for L8.30 

Impact on hyperpolarization e�ciency

For a protein in a hyperpolarized buffer, the kinetics of polarization transfer determines the hyperpolarization
e�ciency. In a d-DNP experiment, the mixing time corresponds to the delay between successive detections
during which protein polarization is replenished. This is con�rmed in Fig. 2c, which shows residue-resolved
signal intensities found in WS-NOESY at τm = 0.5 s together with yellow bars that indicate residues observed
in d-DNP experiments for an interscan delay of 0.5 s (cf. Fig. 3). The evident correspondence between both
experiments demonstrates that proton exchange and weak NOE can account for site-speci�c protein signal
enhancement in hyperpolarized buffers.25 We capitalize on this effect as it enables selective enhancement of
a sub-set of residues of a globular protein in a d-DNP experiment by exploiting the elimination of residue
signals with slow polarization-exchange kinetics at short mixing times.

(iii) Residue and temporally resolved real-time NMR of proteins

Signal suppression at short mixing times can be used to achieve real-time monitoring of hyperpolarized Ubq
at residue resolution. Choosing τm ≈ 0.5 s, the spectra become so sparse that only 13 signals can be
observed in the WS-NOESY experiments. Thus, it is possible to deconvolute the signals of individual residues
even in one-dimensional NMR. The correspondence between the signals observed in a WS-NOESY at a τm of

0.5 s and the observed signals in a 15N-edited 1H 1D spectrum is shown in Fig. 3a. The 13 2D cross-peaks
project onto 10 discernible lines in the 1D spectrum. This allows the assignment of most resonances in the
latter. Indeed, 7 residues can unambiguously be identi�ed (see Table 1). Due to this, the following experiment
was possible:

Hyperpolarized water was �rst mixed with a Ubiquitin solution. After mixing, a series of 15N-edited 1H spectra
were recorded with an interscan delay of 0.5 s (according to τm in the sparse WS-NOESY).

Fig. 3b shows a selection of 1D spectra from this time series and corresponding �ts of 10 Lorentzians to the
spectrum. Due to the spectral sparseness, the signals become deconvolutable, and it is possible to follow the
hyperpolarization level of individual residues in real-time. The determined residue-resolved signal
enhancements are mapped onto the structure of Ubq in Fig. 3c. The corresponding time-dependent signal
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intensities are displayed in Fig. 3d. The �gure shows how the signals are enhanced after mixing due to the
exchange of hyperpolarization (at t=0). With time the polarization decays towards thermal equilibrium. 

The observed decay rates are functions of the water proton and 1HN relaxation rates as well as of the proton
exchange rate and detection pulse angles as shown by Szekely et al.17 Since the �rst two factors are residue
dependent varying apparent hyperpolarization decay rates can be observed for individual residues.
Qualitatively, we observe that residues buried in the hydrophobic regions of the protein show faster relaxation
due to less e�cient replenishment of hyperpolarized protons, while residues in �exible regions show slower
apparent decays (e.g., residue 14: 0.7 s-1 vs. residue 47: 0.11 s-1; cf. Table 1). Generally, the decay rates are low
enough to detect boosted signals for 20 s after mixing the protein and the hyperpolarized buffer. 

It should be noted that the relationships between signal enhancement, type of residue, and contributions of
NOE effects in Ubiquitin have been discussed in detail by Kadeřávek et al. (see reference 25). It was found that
solvent-relayed NOEs contribute to enhancing a small subset of residues (including D39, Q49, and K63) that
feature protic side chain moieties, thereby boosting the signal intensity even further. This is also in line with
the �nding that residues with high enhancements here (see Table 1) feature such side chains. Yet, Kadeřávek
et al.25 also found that the major contribution to the signal enhancement is due to chemical proton exchange
in fast exchanging residues localized in loop 1 and b sheet 2.

Experimental
Protein expression All protein samples were expressed and puri�ed following the protocol published earlier.25

The protein was provided at a concentration of 1 mM in physiological saline at pH 7.4 and 37˚C.

Dissolution DNP: 180 mL of a 15 mM TEMPOL solution in a 0.85:0.15 v/v/v mixture of H2O and glycerol was
vitri�ed in liquid helium. The glassy sample was positively hyperpolarized at 1.2 K in a magnetic �eld of 6.7 T
by partial saturation of the EPR spectrum at 187.7 GHz (Bruker Biospin, ENS Paris). Under these conditions,
the hyperpolarization build-up rates were found to be Rbuild-up = (4.8 ± 0.1) 10-5 s-1. Hence hyperpolarization
build-up times of 3h were used. Dissolution was achieved with a burst of 5 mL D2O at 180 °C (453 K) under
1.05 MPa. The sample was subsequently propelled to a detection NMR spectrometer operating at 18.8 T (800
MHz for 1H) and 37 °C (310 K) within 1.5 s with He gas under 0.7 MPa through a “magnetic tunnel”33

maintaining a constant magnetic �eld of 0.9 T over a distance of approximately 4 m. The delay for mixing
with the target protein solution (150 mL) and settling of turbulence prior to initiation of the NMR experiments
was 3 s. After dissolution, the H2O:D2O ratio was 1:0.03.

For detection, the pulse sequence shown in Fig. S4 was used. For the 1H channel, a selective 1000 ms long
PC90 pulse was used for 90° excitation, and a 2000 ms long REBURP pulse was used for inversion. The
carrier frequency was set to 10 ppm to avoid pulsing on the water resonance. Hence, only signals with
chemical shifts >8 ppm were detected. Single scan detection was used, no phase cycling was applied. All data
was apodized prior to Fourier transformation using a Guassian window function. For detecting the 15N-edited
1H-1D time series, a selective 1000 ms long PC90 pulse was used for 90° excitation, and a 2000 ms long
REBURP pulse was used for inversion on the 1H channel. The carrier frequency was set to 10 ppm to avoid
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pulsing on the water resonance. The rectangular shapes indicated 90˚pulses. Hence, only signals with
chemical shifts >8 ppm were detected. d2 was set to 0.00345 s, d1 to 0.5 s, and d0 to 0.00002780 s. d0 was
not incremented. The FID was detected for 0.1 s during GARP decoupling

The data were �tted with Lorentzian functions by adapting an approach outlined earlier in references 9, 34.

NMR spectroscopy For the 1H-15N WS-NOESY experiments the pulse sequence of Fig. 2a was used.

The presaturation block selectively saturates all non-water protons of the system with a p/2 - z-gradient - p - z-
gradient - p/2 sequence. For the water-selective p pulse, a 7.5 ms long Gaussian-shaped pulse was used with
a carrier frequency centered at 4.7 ppm. The 15N pulses were centered at 118.5 ppm. During the mixing delay,
the 180° pulse compensates for relaxation effects, and the weak gradients suppress radiation damping. The
HSQC block is a conventional gradient-selective pulse sequence using the 3-9-19 Watergate for solvent
suppression. All spectra were recorded on a Bruker NEO spectrometer operating at a proton Larmor frequency
of 600 MHz. The spectrometer was equipped with a prodigy TCI probe. The p/2 pulse length was 11.1 ms for
the 1H channel and 37 ms for the 15N channel. The temperature was set to 298 K. 10% D2O was used as lock
solvent in an otherwise physiological saline at pH 7.4. In total, 128 complex increments were detected in the
indirect dimension. All data were apodized with a 60 degree shifted sine-bell functions and zero-�lled prior to
Fourier transformation to twice the FID length. Subsequently, data were baseline corrected along the directly
detected dimension using NMR Pipe.35 

Conclusions
Concluding, with the proposed technique, one can monitor hyperpolarized proteins at residue and high-
temporal resolution to track individual diagnostic peaks, reminiscent of selective labeling strategies.

Various applications ranging from determining structural dynamics to drug discovery have signi�cantly
pro�ted from such experimental strategies (see, e.g., references 31-32). Here we aim to capitalize on a similar
approach to sparsify protein spectra. 

The proposed technique might not be applicable for intrinsically disordered proteins with narrow chemical
shift dispersions in the proton dimension. Indeed, earlier work showed that for such proteins 2D or 3D
detection is necessary to achieve residue-resolution, albeit lacking time resolution. However, ca. >70% of the
proteome are well-folded, and, therefore, the presented technique is applicable to the largest share of target
proteins. This approach might thus attract widespread interest as the technique is applicable to a large share
of NMR studies. 

 We want to stress that the presented technique should not be considered as an alternative to established
solution-state techniques but instead, as a complementary approach that can be put to use when protein real-
time monitoring at residue-resolution is required. We anticipate using this method in, e.g., time-resolved ligand-
protein binding studies by mixing the target protein with a hyperpolarized solution of a binding partner. Indeed,
most ligand interaction sites (e.g., binding pockets in drug design applications) or catalytically active sites
remain incorporated in folded regions, where the presented approach is applicable. In such cases, the proton
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pool can boost signal intensities while the binding event proceeds. Indeed, real-time data can be obtained on a
millisecond to seconds time scale, which is often impossible to obtain by NMR spectroscopy in thermal
equilibrium.
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Figures

Figure 1

Experimental strategy for real-time hyperpolarized protein NMR. Water is hyperpolarized at TDNP of 1.2 K
before it is dissolved and mixed with a Ubq solution waiting at TNMR of 310 K in the NMR spectrometer. After
mixing, hyperpolarization is introduced into the protein by chemical and magnetic exchange. Hence, a time
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series of NMR spectra can be recorded with superior signal intensities. The right panel shows how the signal
intensities of the protein are boosted before the water polarization returns to thermal equilibrium.

Figure 2

a) WS-NOESY pulse sequence used to measure the e�ciency of the polarization transfer from water to the
target protein. Thin black bars indicate 90˚ and thick bars 180˚ pulses. The yellow shape indicates a water-
selective 180˚ pulse. In the �rst segment, the protein polarization is deleted. Next, during a mixing delay tm,
polarization can be transferred from the water to the protein. Finally, the polarization is read out by means of a
1H-15N Fast-HSQC spectrum. Thus, the by varying tm, the kinetics of the polarization transfer can be
assessed. The long weak gradients were used for radiation damping suppression. More details can be found
in the Experimental section. b) Experimental time traces (signal intensity S vs. mixing time tm) for residues 2
and 8 showing signal build-up due to magnetic and chemical exchange with the water pool. The differences in
build-up kinetics, which we put to use here, are evident. The signal intensity for a mixing time of 0.5 s is
indicated by the dashed orange line. Data for all other residues are shown in the Supporting Information c)
Residue-resolved signal intensities S for a mixing time of 0.5 s. The yellow bars indicate the residues that
where observed in the d-DNP experiments (see main text). The light blue bars indicate residues with resonance
frequencies outside the excitation bandwidth in the d-DNP experiments.
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Figure 3

Real-time monitoring of hyperpolarization. a) With an interscan delay of 0.5 s only 10 lines can be detected in
hyperpolarized water as shown in the top insert (spectrum as black line, �t to 10 Lorentzians as blue dots). A
water-selective NOESY spectra with a mixing time of tm = 0.5 s con�rms that only few residues are detectable.
For most amino acids and polarization exchange and relaxation effects exactly cancel. Due the sparseness of
the spectra most signals in the one-dimensional spectrum can be assigned. The transparent peaks fall out of
the detected bandwidth in the d-DNP experiment due to the employed selective amide proton pulses. b) 15N-
edited proton 1D spectra of the 10 observable HN protons for different times after mixing with hyperpolarized
water (using an interscan delay of 0.5 s; Spectrum as black line, �t to 10 Lorentzians as blue dots). c) Signal
enhancements found for the observable residues mapped on the structure of Ubq. d) Time traces of signal
intensities for residues the observable lines in the d-DNP experiments. The hyperpolarization decay rates are
indicated. The residue indices are indicated. Two lines could not unambiguously be assigned. Another line
could not be assigned as no corresponding signal was found in the WS-NOESY (labelled ‘n/a’).
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