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NMR introduction

• magnetic moments of nuclei (spin) - 1H, 13C, 15N, 31P

• Larmor frequencies ω = −γB (we need strong B)

• slow relaxation ⇒ polarisation transfer

NMR Spectrometer
Major parts

Magnet

Probe
Electronics Operator’s desk with PCPreamplifier

VT unit



Effect of electron density
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1H NMR spectrum of a protein
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Structure information

Nuclear Overhauser effect:
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Spin-spin scalar coupling:
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Residual dipolar couplings - Structure
information
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Interaction: titration

figure copied from Dicks et al. Mollecular and Cell Biology, 2019, 20, 23

figure copied from Charlier C. et al., J. Am. Chem. Soc., 2017, 139, 1219–12227



Interaction: titration

Interactions and very slow kinetics

     - repetition of experiments (1D, 2D) and tracking the changes in spectra

     - mapping changes in spectra of protein (typically 15N-1H HSQC) upon titration with its 
                      ligand, binding partner (drug, inhibitor, cofactor, ...)
     - effective confirmation of an interaction
     - chemical shift perturbation - determination binding constant, exchange rate

Picture copied from Williamson M.P. 2018, Modern 
Magnetic Resonance, Springer

picture copied from Dicks et al. BMC Molecular and Cell Biology (2019) 20:23 picture copied from Waudby et al. Scientific reports (2016) 24826

Real time NMR

Titration

figures copied from publications:

Dicks et al., BMC Moleculart and Cell Biology, 2019, 20: 23

Waudby at al., Scientific reports, 2016, 24826



Interaction of small molecule with a large
molecule

Interactions
   Saturation transfer difference (STD) experiment
                  - popular in pharmaceutical industry - drug design

                  - determination of binding between a protein and small molecules

                  - no isotope labeling needed, low protein concentration ~10μM

      Two spectra acquired:

                  - selective irradiation at resonances specific for protein (no ligand signals)

                  - far off-resonance reference spectra

      Difference reveals signal of protons of ligand(s) 

picture copied from  Addino Viegas et al,  
         J. Chem. Educ. 2011, 88, 990-994

copied from publication: Addino Viegas et al., J. Chem. Educ., 2011, 88, 990-994
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Conformational Exchange = Structure
Rearrangement

Conformational exchange

A B

Dávid Tužinčin (MUNI) March 25, 2022 9 / 21



µs–ms motions

kex = 0
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kex
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ΩA Ωobs ΩB pA, pB = 1− pA



µs–ms motions

kex < |ΩA −ΩB| ⇒ Rex(kex,ΩA,ΩB, pB)
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µs–ms motions

kex ≈ |ΩA −ΩB|
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µs–ms motions

kex > |ΩA −ΩB| ⇒ Rex(kex,ΩA,ΩB, pB)
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Conformational Exchange = Structure
Rearrangement

Invisible states

Alderson et al. (2020)

Dávid Tužinčin (MUNI) March 25, 2022 3 / 21



Chemical Exchange Saturation TransferCEST - Chemical Exchange Saturation Transfer

application of weak B1 field (5-50 Hz)

searching iteratively
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Residual Dipolar Coupling

Results - Residual dipolar couplings

Vallurupalli et al. (2007)

Dávid Tužinčin (MUNI) March 25, 2022 10 / 21

Vallurupalli P. et al., Proc. Natl. Acad. Sci., 2007, 104, 18473–18477
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RNA polymerase

RNA polymerase

PROTEIN

  Ribosom

Transcription
  RNA polymerase

DNA

RNA

Translation

Gram positive bacteria

Bacillus subtilis

RNA polymerase core:

α α β β′ ω δ ε



δ subunit
• important for virulency

• 2 domain protein:

N-terminal domain: structured

C-terminal domain: disordered
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Dynamics (ps-ns)
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Intrinsically disordered protein (IDP)

Osteopontin (OPN) - introduction

intrinsically disordered protein (IDP)

- lack of stable 3D structure

- high flexibility

- structural adaptability

- polyfunctionality

figure copied from:
softsimu,blogspot.fr/2013/preformed-structural-elements-in-long.html

Pavel Kadeřávek Changes in motions of OPN



Intrinsically disordered protein (IDP) - challengesDisordered proteins

Free energy landscape

Rigid protein Multiple
conformations IDP

figure copied from:
M. Bruscale, B. Schuler, B. Samori, Chem. Rev., 2014, vol. 114, 3281

Pavel Kadeřávek Changes in motions of OPN

Disordered proteins

Free energy landscape

Rigid protein Multiple
conformations IDP

figure copied from:
M. Bruscale, B. Schuler, B. Samori, Chem. Rev., 2014, vol. 114, 3281

Pavel Kadeřávek Changes in motions of OPN



Intrinsically disordered protein (IDP) - challenges

• complex motion - distribution of timescales

• NMR relaxation at different magnetic fields - sensitive to various frequencies

• low frequencies ⇒ low B0 = low resolution

Relaxometry - Analysis

IDPs: complex motions
distribution of timescales
NMR relaxation at different magnetic field sensitive to
motion at different frequency
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High-resolution relaxometry
Relaxometry
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Pavel Kadeřávek Changes in motions of OPN



High-resolution relaxometry
Relaxometry

B0

Bore of the 
spectrometer

Area of homogeneous
high magnetic field 

Sample 

H

High-field probe
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High-resolution relaxometry - device

High-reolution NMR relaxometry device

Sample shuttle tube Triple resonance probe

bubble trap

active volume
~ 0.06 ml

detectors

controller

dewar

high-field
spot

probe

shuttle guide

NMR spectrometer

pneumatic shuttling: 0.5 m in ≈120 ms

T. Marquardsen, J-M. Tyburn, F. Engelke, Bruker Biospin

Pavel Kadeřávek Changes in motions of OPN

12

Charlier C. et al., J. Am. Chem. Soc., 2013, 135 (49), 18665–18672



delta subunit: longitudinal relaxation rate
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delta subunit: relaxometry relaxation rate
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delta subunit: relaxometry relaxation rate
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delta subunit: distribution of motions
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Metabolomics

• investigation of metabolites in biological fluids

• substrates and products of enzymatic reactions

• cofactors or regulators

copied from publication: Ziqing Wang et al., J. Am. Chem. Soc., 2021, 143, 9393-9404



Metabolomics

• dependence of relaxation rate on rotational diffusion

• Stokes law ⇒ size of the molecule ⇒ free × bound

NMR relaxation dispersion (NMRD) profiles, obtained
through a broad range of magnetic fields, allow one to map the
spectral density function over a wide range of frequencies and,
hence, determine correlation times. As noted in the expressions
for J(ω, τc), when the correlation time is small (free state of a
small molecule), we have ωτc ≪ 1 over the entire range of
magnetic fields. This is the so-called extreme narrowing
regime, where longitudinal relaxation rates due to dipole−
dipole interactions are small and mostly independent of the
magnetic field. For macromolecules, a strong dispersion is
expected over the range of magnetic fields where ωτc ∼ 1. The
low-field limit of longitudinal relaxation rates is proportional to
the correlation time τc, making NMRD profiles of macro-
molecules very sensitive to the molecular size. A dispersion at
low magnetic fields (B0 < 1 T) in the NMRD profile of a
proton in a small molecule is a clear signature of transient
binding to a macromolecule (Figure 1). Recording a full
NMRD profile provides enough information to determine
unambiguously the correlation time for the small molecule in
its bound state.

High-resolution relaxometry provides relaxation rates for
each individual signal in a high-resolution spectrum. Each
nucleus will show a different relaxometry signature due to its
specific tumbling correlation time and internal dynamics.
When components of different sizes interact in a mixture, we
expect a clear signature of this interaction in individual NMRD
profiles (Figure 1). An HRR experiment starts with building up
the polarization of nuclear spins at the high-field position
(Figure 2, (2)). The sample is then transferred to a predefined
position of the stray field of the magnet (Figure 2, (3)) for
relaxation. Finally, the sample is sent back to the high-field
position for detection. This setup allows one to benefit from
both high sensitivity and high resolution provided by the
homogeneous high magnetic field and to collect relaxation
rates across a broad range of magnetic fields (here, 15 mT to
14.1 T).

■ RESULTS AND DISCUSSION
Model Studies. The feasibility and reliability of the

method was first evaluated on a model sample, composed of

alanine, sodium 3-(trimethylsilyl)propionate-2,2,3,3-d4 (TSP),
and bovine serum albumin (BSA) in buffer solution (see
spectrum in Figure S2d). Alanine is a metabolite naturally
present in many biological fluids, such as blood serum, and it is
reported to not show any significant interaction with
macromolecules.74 TSP is often introduced as an internal
standard in metabolomic studies and its interaction with
macromolecules is well-known.75,76 Serum albumin is the most
abundant blood protein and it is known to bind many different
molecules,77 including TSP. We used BSA as reference
macromolecule (MW = 66.7 kDa, 0.5 mM). We employed
highly purified and fat-free BSA in order to avoid interference
or competition arising from small impurities. Alanine and BSA
were used at physiological concentrations encountered in
blood serum.78,79

The NMRD profiles of the methyl protons of alanine and
TSP are strikingly different (Figure 3). The longitudinal
relaxation rate of the methyl protons of alanine has no

Figure 1. Illustration of the effect of binding of a small molecule (τc
F =

50 ps) to a macromolecule (τc
B = 25 ns) on the longitudinal relaxation

dispersion profile of the small molecule. The yellow, green, and blue
curves show NMRD profiles of the small molecule with a bound
fraction of 0%, 1%, and 5%, respectively. The model presented in eqs
1−4 was used for the calculation and only the dipolar interaction with
the effective protein protons is considered in the bound form. The
effective dipolar interaction amplitude is set to 109 s−2, corresponding
to renv = 229 pm.

Figure 2. Schematic cross section view of the high-resolution
relaxometry system: (1) shuttle tube with an active volume of 60
μL and end caps (brown rectangles) protecting the tube during
transfers and landing; (2) magnet operating at 14.1 T (600 MHz) for
polarization and detection, and triple-resonance shuttle probe with z-
gradient; (3) magnetic fields as a function of the distance to the
magnetic center. The plateau at 0.33 T is due to the presence of
ferroshims in the bore of our magnet.73 During an HRR experiment,
the sample is transferred between the probe (sample shown in solid-
line contours) and a preset position inside the magnet (sample shown
as dashed icon). A detailed description of the system is given in ref 67.

Figure 3. NMRD profiles for the methyl protons of TSP (blue
crosses) and alanine (orange crosses) in the model sample. Fitted-
model curves are shown as a solid line for TSP (purple) and alanine
(green). Equations for model curves are reported in SI sections 3 and
4.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c01388
J. Am. Chem. Soc. 2021, 143, 9393−9404
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copied from publication: Ziqing Wang et al., J. Am. Chem. Soc., 2021, 143, 9393-9404



Metabolomics

faction for detection is expected to be inversely proportional to
the size of the complex.
The information provided by HRR can be expected to be

augmented by combination with other NMR methods, in
particular saturation transfer difference (STD). STD directly
probes the parts of a small molecule or ligand in direct contact
with a macromolecule,113 providing a structural information
highly complementary to HRR results. In addition, the
combined quantitative analysis of HRR and STD, with tools
such as the Complete Relaxation and Conformational
Exchange Matrix (CORCEMA),114 may help determine the
amplitude of intermolecular dipole−dipole interactions (struc-
tural information) and the bound fraction (thermodynamics).
We present here a proof of concept with a technology that is

not yet ready for high throughput. The current apparatus
requires tedious sample preparation, while this step is often
automated for high-throughput metabolomic studies.30 In
addition, the current sensitivity is well below the state of the art
(10% of the sensitivity of a room-temperature probe).
Increasing the throughput would require high sensitivity and
automation, which could be achieved with sample shuttle
designs that use regular NMR tubes.66

■ CONCLUSION

We have introduced an approach based on high-resolution
relaxometry to investigate metabolite-protein interactions in
biological fluids. We have measured with HRR and analyzed
site-specific proton longitudinal relaxation rates in metabolites
over 3 orders of magnitude of magnetic field (from 15 mT to
14 T). The method was first established on a model sample,
containing alanine, TSP, and BSA. We clearly identified the
weak binding of TSP to BSA and obtained an estimate of the
rotational correlation time of BSA in good agreement with
what is expected from its molecular weight and the literature.
We demonstrated that this method could be used in a
biological fluid such as human blood serum. We used HRR to
determine the NMRD profiles of lactate, creatinine, alanine,
and glutamine. We found clear evidence that, in serum, lactate
and creatinine interact weakly with macromolecules, i.e.,
proteins, whereas alanine and glutamine do not. The
quantitative analyses of the NMRD profiles of lactate provided
nearly identical estimates of the rotational correlation time of
the complex in the blood of three different healthy donors.
These estimates are in good agreement with the known
interaction of lactate with HSA but could also reflect weak
binding to a smaller protein. We also demonstrated that the
interactions could be investigated indirectly through a binding
competition experiment, which opens the way for the
investigation of strong interactions by HRR. Upon addition
of TSP to blood serum, the dispersion amplitude of lactate is
reduced and the variation of the bound fraction of lactate was
quantified. Our investigation demonstrates the potential of
high-resolution relaxometry as a noninvasive and quantitative
analytical tool for biological fluids. With HRR, NMR can
become a powerful tool for the investigation of metabolite−
protein interactions for interactomics and, in general, for the
analysis of small-molecule−macromolecule interactions in
complex media for chemical and pharmaceutical applications.

■ MATERIALS AND METHODS
Samples Preparation. Each analyzed sample was placed in a

custom-sized NMR tube made of amorphous quartz, with an active
volume of ∼60 μL, sealed with glue (Eleco-EFD Vitralit 2009 F), and
capped with specifically designed polyimide tops, which fit the probe
cavity and help absorbing shocks upon shuttling.

The model sample contained 0.5 mM alanine, 50 mM TSP, and 0.5
mM BSA, as a substitute for human serum albumin. All compounds
were dissolved in a phosphate buffer (pH 7.4, 35 mM Na2HPO4, 0.58
mM NaN3 in H2O/D2O 90/10 (v/v)). All compounds were
purchased from Sigma-Aldrich − Merck.

The serum samples were collected, prepared, and stored according
to standard metabolomic procedures.95 Before being transferred to a
shuttle tube, frozen samples were thawed at room temperature and
homogenized with an agitator. D2O (5% v/v) was added for lock
purposes, and they were sealed directly into shuttle tubes.

The serum sample with TSP as the competing molecule contained
30% (v/v) buffer (pH 7.4, 35 mM Na2HPO4, 0.58 mM NaN3, and 46
mM TSP in H2O/D2O 90/10 (v/v)). The final concentration of TSP
in this serum sample was then 14 mM.

NMR Spectroscopy. HRR experiments were carried out on a
Bruker Avance III HD spectrometer operating at 14.1 T, with a
shuttle apparatus and a 3.2 mm triple-resonance probe with a z-axis
gradient.67 A temperature calibration sample contained deuterated
acetic acid buffer (50 mM), and 7% D2O was used to perform a blank
relaxation experiment by reproducing real experimental conditions,
including shuttle transfers, relaxation at the low field position, etc.
Then the temperature was calibrated using deuterium chemical shift
difference between acetic acid and water (OD) signals. We ensured

Figure 7. (a) Distribution of molecular weights and concentrations of
human serum proteins. The arrow spans indicate the known
concentration variability of each protein. (b) Distribution of
correlation times and concentrations of human serum proteins. The
solid black symbols indicate the harmonic mean of the correlation
times of proteins calculated using HYDRONMR. The open symbols
indicate correlation times of proteins calculated using a simple linear
relationship between molecular weight and correlation time (see eq
S8). The dashed lines represent estimates of the limits of detection of
our current setup (imposed by sensitivity and range of accessible
magnetic fields), and the light blue area represents the currently
accessible region.
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Metabolomics

• competition between ligands

than those accessible by HRR. We have shown that TSP is
transiently bound to BSA and investigated the interaction of
lactate to human serum albumin (HSA). Barrilero et al.76 have
shown evidence for competition between lactate and TSP for
binding to HSA. As a proof of concept, we investigated this
binding competition by HRR. We prepared two blood serum
samples (donor 1) with and without TSP (14 mM) and we
recorded the NMRD profile of lactate and creatinine
(Figure 6). The NMRD profiles of creatinine for the two

samples are similar (Figure 6a), as expected from a study by
Barrilero et al.76 On the contrary, the proton longitudinal
relaxation rates of the methyl group of lactate are much lower
in the sample with TSP, confirming the binding competition
between the two molecules for HSA (Figure 6b). Interestingly,
the rotational correlation times for the free and bound form of
lactate are identical in the samples with and without TSP
(Table 2). The only difference between the two NMRD

profiles of lactate is found to originate from the different values
of the parameter ABpB, which decreased from 15.7 ± 1.5 × 106

s−2 in the absence of TSP to 5.9 ± 0.4 × 106 s−2 upon addition
of TSP. This decrease by a factor of 2.7 ± 0.3 in the presence
of TSP can be assigned to a change in the bound fraction,
which decreases by more than 60% in the presence of 14 mM

of TSP. HRR provides a clear evidence of binding competition,
and the analysis of the NMRD profiles leads to a quantitative
determination of the changes in the bound populations.

■ DISCUSSION
In blood serum, about 30 metabolites are detectable by NMR
without any sample purification and 35 proteins have
concentrations above 1 μM, which should be accessible to
the current method.26,78,106−109 This means that potentially
over 1000 different interactions could be probed by HRR.
Here, we identified 15 metabolites by 1D proton NMR on our
prototype and we show NMRD profiles for four of them:
lactate, creatinine, glutamine, and alanine. The experiments
were carried out on three different serum samples from healthy
donors, and the results were uniform for all of them. The
NMRD profiles of the metabolites show that for some of them
(i.e., lactate and creatinine) there is a significant interaction
with macromolecules whereas others (i.e., glutamine and
alanine) have little to no interaction with proteins. For lactate,
we obtained a correlation time of its bound form, τc

B = 34.0 ±
3.9 ns, which is, within a reasonable error margin, compatible
with the one estimated by HYDRONMR for HSA. Note that
decay rates in high-resolution relaxometry experiments deviate
from longitudinal relaxation rates by as much as 15% in
proteins.80,110,111 Here, our analysis assumes that the decay
rates are the longitudinal relaxation rates, which should
minimally impact the obtained values of correlation times.80

Finally, we were also able to identify competitive binding of
small molecules to serum albumin in human blood serum,
which could prove to be a new approach for performing
fragment-based drug design directly in a complex biological
fluid.
HRR benefits from several advantages as compared to other

methods to investigate MPIs. First, there is no separation step
during sample preparation: experiments are directly performed
on the serum obtained from blood by standard procedures.
Second, relaxometry is able to probe weak transient
interactions, which are extremely difficult to detect by existing
methods.42,43 Third, the analysis is quantitative and provides
information to identify the protein interacting with the
observed metabolite. Currently, the range of magnetic field
that we can probe allows to quantify the rotational correlation
time of a complex as slow as ∼50 to 100 ns. The determination
of this correlation time provides an estimate of the size of the
complexes, hence of the size of the proteins that interact with a
given metabolite (SI section 7).112 The accuracy of correlation
times determined by HYDRONMR is within about 10%.83 If
we estimate the error on the correlation times given by HRR to
be around 10%, we can consider the agreement of
HYDRONMR and HRR within a range of ±20%. Our current
HRR system is less sensitive than a state-of-the-art NMR
system (10% of the sensitivity of a room-temperature probe).
We estimate the sensitivity limit for a quantitative analysis to
100 μM for metabolites and 1 μM for the complex (for ∼1% of
bound metabolite). Considering only serum proteins that are
present in concentrations above 1 μM, the correlation times
within a ±20% range indicate only a few interacting proteins as
potential candidates. The distribution of correlation times is
not uniform so that the number of candidates in this range
varies from 1 to 8, depending on the value of the correlation
time (Figure 7b). Note that the amplitude of the relaxation
dispersion is proportional to the bound fraction and the
correlation time of the complex. Thus, the minimal bound

Figure 6. NMRD profiles of the methyl protons of (a) creatinine and
(b) lactate from blood serum samples of donor 1, with 14 mM TSP
(yellow squares) and without TSP (green squares). The red lines are
the results of the fit with eq S6, providing parameters presented in
Table 2.

Table 2. Parameters from the Analysis of the NMRDs of
Lactate in Serum Samples with and without TSP

sample ABpB (106 s−2) τc
F (ps) τc

B (ns)

with 14 mM TSP 5.9 ± 0.4 33 ± 3 33.3 ± 4.8
without TSP 15.7 ± 1.5 35 ± 7 32.0 ± 4.9

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c01388
J. Am. Chem. Soc. 2021, 143, 9393−9404

9398

than those accessible by HRR. We have shown that TSP is
transiently bound to BSA and investigated the interaction of
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shown evidence for competition between lactate and TSP for
binding to HSA. As a proof of concept, we investigated this
binding competition by HRR. We prepared two blood serum
samples (donor 1) with and without TSP (14 mM) and we
recorded the NMRD profile of lactate and creatinine
(Figure 6). The NMRD profiles of creatinine for the two
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Barrilero et al.76 On the contrary, the proton longitudinal
relaxation rates of the methyl group of lactate are much lower
in the sample with TSP, confirming the binding competition
between the two molecules for HSA (Figure 6b). Interestingly,
the rotational correlation times for the free and bound form of
lactate are identical in the samples with and without TSP
(Table 2). The only difference between the two NMRD

profiles of lactate is found to originate from the different values
of the parameter ABpB, which decreased from 15.7 ± 1.5 × 106

s−2 in the absence of TSP to 5.9 ± 0.4 × 106 s−2 upon addition
of TSP. This decrease by a factor of 2.7 ± 0.3 in the presence
of TSP can be assigned to a change in the bound fraction,
which decreases by more than 60% in the presence of 14 mM

of TSP. HRR provides a clear evidence of binding competition,
and the analysis of the NMRD profiles leads to a quantitative
determination of the changes in the bound populations.

■ DISCUSSION
In blood serum, about 30 metabolites are detectable by NMR
without any sample purification and 35 proteins have
concentrations above 1 μM, which should be accessible to
the current method.26,78,106−109 This means that potentially
over 1000 different interactions could be probed by HRR.
Here, we identified 15 metabolites by 1D proton NMR on our
prototype and we show NMRD profiles for four of them:
lactate, creatinine, glutamine, and alanine. The experiments
were carried out on three different serum samples from healthy
donors, and the results were uniform for all of them. The
NMRD profiles of the metabolites show that for some of them
(i.e., lactate and creatinine) there is a significant interaction
with macromolecules whereas others (i.e., glutamine and
alanine) have little to no interaction with proteins. For lactate,
we obtained a correlation time of its bound form, τc

B = 34.0 ±
3.9 ns, which is, within a reasonable error margin, compatible
with the one estimated by HYDRONMR for HSA. Note that
decay rates in high-resolution relaxometry experiments deviate
from longitudinal relaxation rates by as much as 15% in
proteins.80,110,111 Here, our analysis assumes that the decay
rates are the longitudinal relaxation rates, which should
minimally impact the obtained values of correlation times.80

Finally, we were also able to identify competitive binding of
small molecules to serum albumin in human blood serum,
which could prove to be a new approach for performing
fragment-based drug design directly in a complex biological
fluid.
HRR benefits from several advantages as compared to other

methods to investigate MPIs. First, there is no separation step
during sample preparation: experiments are directly performed
on the serum obtained from blood by standard procedures.
Second, relaxometry is able to probe weak transient
interactions, which are extremely difficult to detect by existing
methods.42,43 Third, the analysis is quantitative and provides
information to identify the protein interacting with the
observed metabolite. Currently, the range of magnetic field
that we can probe allows to quantify the rotational correlation
time of a complex as slow as ∼50 to 100 ns. The determination
of this correlation time provides an estimate of the size of the
complexes, hence of the size of the proteins that interact with a
given metabolite (SI section 7).112 The accuracy of correlation
times determined by HYDRONMR is within about 10%.83 If
we estimate the error on the correlation times given by HRR to
be around 10%, we can consider the agreement of
HYDRONMR and HRR within a range of ±20%. Our current
HRR system is less sensitive than a state-of-the-art NMR
system (10% of the sensitivity of a room-temperature probe).
We estimate the sensitivity limit for a quantitative analysis to
100 μM for metabolites and 1 μM for the complex (for ∼1% of
bound metabolite). Considering only serum proteins that are
present in concentrations above 1 μM, the correlation times
within a ±20% range indicate only a few interacting proteins as
potential candidates. The distribution of correlation times is
not uniform so that the number of candidates in this range
varies from 1 to 8, depending on the value of the correlation
time (Figure 7b). Note that the amplitude of the relaxation
dispersion is proportional to the bound fraction and the
correlation time of the complex. Thus, the minimal bound

Figure 6. NMRD profiles of the methyl protons of (a) creatinine and
(b) lactate from blood serum samples of donor 1, with 14 mM TSP
(yellow squares) and without TSP (green squares). The red lines are
the results of the fit with eq S6, providing parameters presented in
Table 2.

Table 2. Parameters from the Analysis of the NMRDs of
Lactate in Serum Samples with and without TSP

sample ABpB (106 s−2) τc
F (ps) τc
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with 14 mM TSP 5.9 ± 0.4 33 ± 3 33.3 ± 4.8
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TOCSY

TOCSY = total correlation spectroscopy:

• information about bonds

• requires high irradiation suppressing effects of chemical shift

• stronger magnetic field = stronger irradiation
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Dissolution dynamics nuclear polarisation
(dDNP)
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spin polarization is only 0.000008 at 300 K for protons. The situation is even worse for nuclei 
with a lower gyromagnetic ratio. For example the 13C nuclear spin polarization falls at 
0.000002 at 14.1 T and 300 K. 
 

 
Figure 1: Electron (green) and 1H (blue) spin polarization as a function of temperature, for magnetic 
fields of B0 = 3.4 T (dotted lines), 9.4 T (dashed lines) and 14.1 T (solid lines). The red vertical lines 
indicate temperatures of 1.4 K and 100 K. 

 
From an analytical point of view, sensitivity becomes crucial when in some cases the desired 
information remains below the limit of detection. NMR experiments are generally repeated 
n times, till the signal-to-noise (S/N) ratio reaches a satisfying value. This S/N ratio 

unfortunately only grows with   , n being the number of repetitions of the experiment. In 
general, several seconds are typically needed between each scan to let the nuclear spin 
population relax to its equilibrium, which can lead to prohibitive acquisition durations, 

especially for low abundant and/or low gyromagnetic ratio (low-) nuclear spins. One may 
argue that infinitesimal concentrations could in principle be detected with increasingly long 
experimental times, but practical considerations evidently limit the overall durations of the 
NMR experiments to a few hours or a few days at most. 
While equation (1) tells us that NMR sensitivity gets increased to a certain extent by applying 
higher external magnetic fields or lower experimental temperatures, even at the highest 
actual available magnetic field of 23.5 T the spin polarization of protons is only 0.000013 at 
300 K. 
 
 
Concept of DNP 
 
The concept of DNP is almost as old as NMR since it was originally proposed by Overhauser 
in 19537. He predicted that the NMR signal could be enhanced in metals by saturating the 
electron spin transitions of its conduction electrons. This hypothesis was then verified 
experimentally by Carver and Slichter on metallic lithium8. 
The basic principle is that the higher level of polarization of the electron spins can be 
transferred to the surrounding nuclear spins upon microwave irradiation at (or near) the 
electron paramagnetic resonance (EPR) transitions. Figure 1 shows how the electron spin 
polarization is significantly higher than the one of the nuclear spins, reaching about 0.03 at 
14.1 T and 300 K and almost unity at lower temperatures. 
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Dissolution dynamics nuclear polarisation
(dDNP)
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Figure 2: Schematic representation of experimental systems for (a) DNP-MAS NMR consisting of a 
gyrotron microwave source (gyrotron tube in red), a microwave transmission line (cyan) and an NMR 
spectrometer equipped with a low-temperature MAS probe (green) and (b) dissolution DNP NMR 
consisting in a cryostat (DNP polarizer), a transfer line with a magnetic tunnel and an NMR 
spectrometer equipped with a liquid probe. The figure is reprinted with permission from ref29 
(Copyright 2016 Elsevier) and adapted in part from ref20 (Copyright 2015 American Institute of 
Physics). 

 
 
Concerning the study of liquid samples, some research groups have also considered 
performing DNP directly in the liquid state either in-situ30-33 or with a two-field shuttle DNP 
spectrometer34. The instrumentation is more demanding and the polarization transfer is 
much less efficient compared to DNP in the solid state. This part of the DNP area is still at the 
exploration stage in particular at high magnetic fields. Thus, there are not yet applications in 
the field of analytical chemistry. 
 
 

copied from publication: Bertrand Plainchont et al., Anal. Chem., 2018, 90, 3639-3650



Dissolution dynamics nuclear polarisation
(dDNP)

NMR of proteins by d-DNP is also possible by using hyperpolarized
solvents as vectors to transport hyperpolarization from the low-
temperature conditions within a DNP apparatus to a protein solu-
tion and finally into a protein (see Fig. 3 for a sketch of the
approach) [33,35–37,38,39]. Indeed, by dissolving a well-folded
or intrinsically disordered protein (IDP) in a buffer that contains
labile hyperpolarized protons, the hyperpolarization is introduced
into the protein by chemical exchange between labile protein side-
chain or backbone protons and the solvent. With this technique,
multidimensional NMR spectra with increased intensity can be
measured due to two key points: (1) The approach is applicable
to any water-soluble protein, as only the buffer must undergo
the d-DNP procedure. This renders this approach broadly applica-
ble to a plethora of substrates. The major limitation is imposed
by the proton exchange rate between solvent and the protein’s
backbone amide protons, which needs to range between ca.
0.5 s�1 and 100 s�1 to provide substantial signal enhancements
[35,37]. (2) The hyperpolarization of the protons in a protein buffer

decays with a time constant T1 that is much longer than the one of
protons attached to the protein, which is of the order of 1 s. Typi-
cally, partially deuterated buffers are employed to prolong T1 times
and hyperpolarization lifetimes of ca. 2 min. can be achieved with
this approach. Hence, rapid multidimensional, high-resolution
detection schemes become feasible.

It was shown that 1H–15N correlation spectroscopy (HMQC)
of > 200 amino acid long IDPs is possible at residue resolution. Very
recently, the approach has been extended to three-dimensional
NMR (HNCO) and carbon-direct detection in 13C–15N correlation
experiments (HN-CON) [40]. Enhancement factors e in such exper-
iments vary between ca. 10 to 500 with respect to signal intensities
in thermal equilibrium ceteris paribus. The signal enhancements
translate into a squared reduction in experimental time.

The result of a hyperpolarized multidimensional protein NMR
experiment differs from a conventional NMR experiment. As the
hyperpolarization of the protein is introduced through exchange
between hyperpolarized solvent protons and labile protein protons
(or through exchange-relayed nuclear Overhauser effects) [37], the
signal enhancement is – like the exchange rate – residue-
dependent. For example, in 1H–15N correlation spectra only such
proton-nitrogen pairs are detected that exchange hyperpolariza-
tion efficiently with the solvent during the recovery delay between
each detection. Hence, only a subset of signals is detected in com-
parison to the conventional counterpart of a 1H–15N correlation
spectrum. The ‘‘hyperpolarization-selective” detection can be com-
pared with selective labeling approaches, such as targeted 13C or
15N-enrichment of selected amino acids [41,42]. Such techniques
render spectra sparse and, hence, allow for residue-specific analy-
sis of larger proteins, for which uniform labeling would lead to
strong signal overlap. Similar applications are conceivable for large
proteins, where signal broadening due to relaxation would be mit-
igated. The hyperpolarization exchange approach to high-
resolution NMR might turn out to be very powerful supplement
to established techniques, which suffer from overlapping signals.

2.2. Reducing concentrations, NMR optimized conditions

Hyperpolarized protein NMR is not likely to be superior to con-
ventional NMR, instead it is of a complementary nature. For exam-
ple, it can be employed to support NMR under physiological
conditions (pH 7.4, 37 �C), where conventional techniques may suf-
fer from too low signal intensities. Such penalties can be compen-
sated by hyperpolarization.

Another potential of hyperpolarized protein NMR lies in the
possible reduction of substrate concentrations. Typically, NMR of
proteins requires that substrate concentrations in the micromolar
range (>50 mM). However, physiological concentrations are often
much lower, even nanomolar and such variations can lead to sig-
nificant shifts in the conformational ensemble of a protein. For
example, the transcription factor MAX exists predominantly as a
well-folded homodimer at higher, NMR-typical concentrations,
but at physiological concentrations it mostly adopts an intrinsi-
cally disordered conformation [43]. Hyperpolarized protein NMR
can enable a reduction of the necessary substrate quantities to
physiological concentrations to mitigate such biases. Possibly even
in-cell NMR at physiological protein concentrations can be envis-
aged for future developments of d-DNP rendering this method
even more versatile and a possible tool for characterization of
low-concentrated and low-yield substrates.

2.3. Applications of hyperpolarized NMR to protein interactions

As the nature of hyperpolarized protein NMR is somewhat dif-
fering from established applications, novel possibilities to investi-
gate protein interactions become conceivable [38,44,45]. Among

Fig. 3. Experimental strategy for hyperpolarized multi-dimensional NMR of pro-
teins. Top: To couple d-DNP with high-resolution protein NMR applications,
hyperpolarized aqueous buffers are produced and subsequently mixed with a
protein solution. Rapid exchange of hyperpolarized protons between the water in
the buffer and the target proteins introduces hyperpolarization into the protein. As
proton exchange is quite efficient at pH 7.4 and 37 �C, NMR under near-
physiological conditions is feasible through this approach. Bottom: 1H–15N HMQC
of ubiquitin detected through hyperpolarized 96% deuterated PBS buffer (red)
superimposed to a conventional HSQC in 10% deuterated PBS (black). Evidently, not
all residues can be detected by hyperpolarization-based detection as the signal
intensity depends on the efficiency of the exchange of hyperpolarization between
the solvent and the protein. The resulting spectra are, hence, sparse and reminiscent
of selective labeling techniques based on selectively isotope enriched amino acids.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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