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controlling the “dance” of the spins in a spinning world

Andreas et al. (2016) PNAS
Stanek et al. (2016) Angew. Chem. Int. Ed.
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Structure determination by MAS NMR
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GB1 Nanocrystallization
Start with solution conditions

� ~5 mM (30 mg/mL)
� pH 5.5 phosphate buffer, 50 mM

Add precipitant
� 2-methylpentane-2,4-diol: isopropanol, 2:1

“Nanocrystals” grow in seconds to minutes
� Martin & Zilm, J. Magn. Reson. 2003, 165,

162-174
Pellet into NMR rotor

Frericks Schmidt, Sperling, Gao, Wylie, Boettcher, Wilson, Rienstra, J. Phys. Chem.,
in press. (“Crystal polymorphism of protein GB1 examined by SSNMR and XRD”)

1PGA
2GI9

No diffraction spots or rings are apparent for this
sample, indicating that it is completely disordered. The
corresponding ssNMR spectrum is shown in Fig. 1f.
Only resonances corresponding to types of chemical
groups are resolved, with no distinct chemical sites,
confirming that the sample has a high degree of struc-
tural heterogeneity.

3.2. Lysozyme, streptavidin, ribonuclease A, and cyto-
chrome c

Crystals of lysozyme were grown according to a
variation of a published method [61]. Crystallization of
lysozyme is typically performed at pH 4.6 using sodium
acetate as the buffer and sodium chloride as the pre-
cipitant. This protocol was modified by reducing the
concentration of sodium chloride and adding PEG 2000
as an additional precipitating agent. Protein was dis-
solved in 100mM sodium acetate at pH 4.5 to form a
stock solution at 25mg/ml. The screen was performed at
pH 4.5 using 200mM sodium acetate as the buffer. The
amount of PEG 2000 was held constant at 50% w/v and
the concentration of sodium chloride was varied from
7.5 to 67.5mM. A photograph of crystals from the
hanging drop screen is shown in Fig. 3a. Crystals from
this screen were used to collect single crystal X-ray dif-
fraction data. The lysozyme crystals were found to have
unit cell dimensions a ¼ b ¼ 79:15 !AA and c ¼ 38:06 !AA,
consistent with the common tetragonal form of lyso-
zyme belonging to the space group P43212 [62]. Nano-
crystals produced using a crystallization solution 12.5%
w/v PEG 2000, 75mM in NaCl, and 100mM in pH 4.5

sodium acetate buffer, are pictured in Fig. 3b. An elec-
tron micrograph of the nanocrystals is shown in Fig. 3c.
This was acquired as described for the ubiquitin nano-
crystals. Once again a pair of larger crystals has been
chosen to demonstrate that the crystal morphology
produced is the same as obtained under conditions more
conducive to producing diffraction quality crystals. The
much smaller crystals, providing the speckled back-
ground in Fig. 3c, are representative of the average
crystal produced by rapid centrifugal concentration. A
ssNMR 13C spectrum of the nanocrystalline sample is
shown in Fig. 4a. Some assignments can be made from
this spectrum based on a previously published solution
spectrum [63]. Several residues in the aromatic region of
the spectrum can be specifically assigned, and others can
be identified by type of residue. In particular we note the
d-methyl resonance for Ile 28 as indicated in the figure.
This resonance is for a single carbon center in this
protein, and is readily identified by its unusual chemical
shift upfield of tetramethylsilane. Apparently the ter-
tiary structural features that result in this unusual highly

Fig. 3. Photos of other protein crystals studied. Left lysozyme (a–c)
and right streptavidin (d–f).The top row shows large crystals produced
in a hanging drop screen photographed using a light microscope with a
polarizing filter at 90". The middle row of photos shows nanocrystals
produced using the same starting conditions as those used in the well
solutions of the hanging drop screens for (c) lysozyme and (d) strep-
tavidin. The nanocrystals were photographed using a light microscope
at 225" magnification. The overall morphology of the crystallites can
be seen to match with that of the larger crystals in each case. The
bottom figures show electron micrographs of the same nanocrystals, at
2200" magnification. Micrographs shown are for larger than repre-
sentative crystals as discussed in the text.

Fig. 2. Powder diffraction pattern and the corresponding diffractogram
shown for polycrystalline ubiquitin in (a) and (b). The same data for
the nanocrystalline sample is shown in (c) and (d) and for lyophilized
ubiquitin in (e) and (f).
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Crystalline and microcrystalline samples
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Martin and Zilm, JMR 2003 - Barbet-Massin et al, JACS 2014



Amyloid fibrils

El Mammeri et al. Methods 2018



Preparation of DsbB Sample

Uniformly label DsbB with 13C and 15N by expressing DsbB in
isotopically enriched minimal medium
� yield ~5-10 mg/L

Solid sample preparation as follows:

Remove detergent
by dialysis

Protein collected by
ultracentrifugation

Pack sample
into a 3.2 mm
SSNMR rotor

Berthold et al., Cambridge Isotope Laboratories, Application Note #15
“Top Ten Tips for Producing 13C,15N Protein in Abundance”

As packed in the NMR rotor, molar ratio of lipid to protein is 24

Membrane proteins in lipid bilayers

B0

Θ

dialysis 
(exchange 

detergents with 
lipids) centrifuge into 

the NMR rotor
MAS 
NMR

Das, Murray, Cross al. Nat. Protocols 2013 

Preparation of DsbB Sample

Uniformly label DsbB with 13C and 15N by expressing DsbB in
isotopically enriched minimal medium
� yield ~5-10 mg/L

Solid sample preparation as follows:

Remove detergent
by dialysis

Protein collected by
ultracentrifugation

Pack sample
into a 3.2 mm
SSNMR rotor

Berthold et al., Cambridge Isotope Laboratories, Application Note #15
“Top Ten Tips for Producing 13C,15N Protein in Abundance”

As packed in the NMR rotor, molar ratio of lipid to protein is 24

Influenza A  
M218-60 

OmpG AlkL

Andreas et al. JACS 2015 Retel et al. Nat. Comm. 2017 Schubeis et al. submitted



Large soluble assemblies - sedNMR

B0

Θcentrifuge into 
the NMR rotor

MAS 
NMR

Bertini et al., PNAS 2011 - Gardiennet […] Meier, Angew. Chem. 2012

large globular  
proteins (MBP)
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NMR insensitivity

courtesy of Prof. Sami Jannin / Dr. Anne Lesage



NMR insensitivity
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NMR insensitivity

Ludwig Boltzmann



NMR insensitivity

Ludwig Boltzmann



NMR insensitivity

Ludwig Boltzmann

P 13C( )= 6×10−6

at 7.05 T (300 MHz) 
and 300 K



NMR insensitivity
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Unpaired electrons are much more polarized than nuclei !

Where can we find more polarization for NMR? 

Can we transfer polarization from the electrons (of the source)  
to the nuclei (of the target)?  

How can we introduce unpaired electrons into diamagnetic samples?  

courtesy of Prof. Lyndon Emsley



ωe ω13C

drawing not to scale

At thermal equilibrium, the electrons are 660 times more polarized 
than the 1H nuclei, 2640 times more than the  13C nuclei.

ω1H

263 GHz 100 MHz 400 MHz

523 GHz 200 MHz 800 MHz18.8 T
9.4 T

Transferring the Polarization from the Electrons
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�A two-spin process

�EPR irradiation along the so called 
“forbidden transitions” ω0 or ω2  

Dynamic Nuclear Polarization 
(The Solid Effect)
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�EPR irradiation along the so called 
“forbidden transitions” ω0 or ω2  

�Inducing the transition at ωe - ωn 
results in transfer of polarization from 
the electronic to the nuclear transitions

Dynamic Nuclear Polarization 
(The Solid Effect)



Nuclear and electron relaxation times

10-1310-1210-1110-1010-910-810-7

Mn2+ 

(5/2)NO˙ 
(1/2)

Gd3+ 

(7/2)

Cu2+ 

(1/2) Fe3+ 

(5/2)
Fe3+ 

(1/2)
Fe2+ 

(2)

Ru3+ 

(5/2) Ln3+ 

(1/2-15/2)

0.10.31392781

methyl protons of ethylbenzene  
in CDCl3 

(10s)
carboxyl carbon 

of glycines 

(44s) water protons 
(3s)

CH2 protons in triolein 
(0.7s)

Amide protons in proteins of 10 kDa 
(~0.5s)

CH2 protons in proteins 
of 10 kDa (~0.3s)

Bertini and Luchinat,  
Coord. Chem. Rev. (1996)

T1e

T1e(s)

T1(s)



A Brief (& Incomplete) History of Time

1953 1963 1973 1983 1993 2003

1953 - Overhauser, Slichter 
DNP on Li Metal

2011

1956 - Slichter, Carver
DNP on Na Metal, 
Na:NH3 solutions

1958 - Abragam 
discovers the 
Solid Effect

1963 - Kessenikh 
discovers the 
Cross Effect

1967- C.A. Hwang 
Cross Effect DNP on 
Polymers with 
Exogenous Radicals 
(2.5 T)

DNP Extinction Event
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1992 - J. Schaeffer
Gary Maciel, R.A. Wind , 
MAS DNP Experiments 
on Polymers (1.4 T)

1993 - R.G. Griffin,
High Field DNP (5 T) 
with gyrotrons. 

1995 - R.G. Griffin
MAS DNP on 
Frozen  Solutions

2010 - Lesage et al.
Surface Enhanced
DNP of materials (9.4 T)

1997 - R.G. Griffin
MAS DNP on 
Frozen  Protein 
Solutions

2004 - R.G. Griffin
DNP with 
biradicals

2008 - R.G. Griffin
DNP at 9.4 T

1985 - R.A. Wind, MAS 
DNP Experiments on 
Coal and Diamond

Before Griffin (B.G.) After Griffin (A.G.)



R.G. Griffin & coworkers (MIT), e.g.: Phys. Chem. Chem. Phys. 12, 5737 (2010) 
Rosay, M.; Blank, M.; Engelke, F. J. Magn. Res. 264 (C), 88–98 (2016)

9.4 T (400 MHz), 263 GHz 
T = 105 K 

MAS = 10 kHz

Modern Solids DNP Instrumentation 



courtesy of Prof. Bob Griffin

DNP in non-conducting solids



Lesage et al, J. Am. Chem. Soc. 132, 15459 (2010) 

Incipient Wettness with  
90:10 D2O/H2O & 25 mM TOTAPOL 

2048 scans, 35 minutes 
T = 105 K, 263 GHz, 9.4 T

Dynamic Nuclear Polarization on Surface Species
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Figure 6. Suggested stacking arrangement of DPP-DTT based on NMR data of the bulk polymer. (a) The packing 
arrangement showing just two stacked backbones. The backbone shown in black lies on top of the backbone shown in 
grey. Coloured discs corresponding to protons in the top backbone are shown with black edges. (b) The full packing 
arrangement for three stacked backbones. Darker coloured backbones are stacked on top of lighter coloured backbones. 
  
3. Structural characterisation of Polymer Films. In real devices, polymer films are used. These are 
challenging to study by solid-state NMR due to the small amount of material. In particular, 13C NMR is 
particularly challenging owing to the intrinsically low sensitivity of the 1% abundant 13C nucleus. To aid the 
study of DPP-DTT films by NMR, the DNP-MAS NMR approach was investigated. 
 
All experiments were performed on a 9.4 T Bruker Avance III solid-state NMR spectrometer that was 
equipped with a 3.2 mm double-resonance low-temperature MAS probe and a Bruker Biospin low-
temperature cooling cabinet. All experiments were recorded at a temperature of approximately 105 K and a 
MAS rate of 11 kHz. For DNP experiments, a microwave (MW) power of 60 mW was found to be optimum. 
 
Experiments were first carried out on the bulk polymer. Approximately 1 mg of material was broken into small 
pieces by grinding in liquid nitrogen a pestle and mortar. However, it was still not possible to obtain a 
powder; instead the sample was reduced to inhomogeneous flakes with a maximum size of around 0.5 mm. 
The sample was then mixed with the polarising solution. Initially, a water-based polarisation agent containing 
AMUPol was used. However, this resulted in significant changes to the 13C CPMAS NMR spectrum with the 
appearance of additional resonances. This indicates that the water interacts with or penetrates the polymer 
resulting in structural changes. For this reason, a non-polar polarising agent comprising 16 mM TEKPol in 
tetrachloroethane (TCE) was used instead. The sample was loaded into the middle of a 3.2 mm sapphire 
rotor with KBr powder packed above and below it to maximise the enhancement. 
 
A DNP-enhanced 13C CP MAS NMR spectrum of bulk DPP-DTT is shown in Figure 7a. In this experiment an 
enhancement factor of 47 was obtained. The total experimental time was 43 minutes. The intense resonance 
at 73 ppm corresponds to the TCE solvent signal. Otherwise, the spectrum shows good agreement with the 
13C CPMAS NMR spectrum in Figure 2c. The carbonyl group is clearly observed at 161 ppm, the aromatic 
resonances appear in four main groups, and aliphatic carbons are grouped around an intense feature around 
33 ppm. One notable observation is that the linewidths are significantly broader. Line broadening is a well-
known effect in DNP-MAS NMR spectra, and is possibly related to the presence of the paramagnetic radicals 
in the sample. In addition, the low temperature of the DNP-MAS NMR experiment (100 K) is also significant. 
This will reduce motion and librations in the structure leading to a broader distribution of local environments.  
 
The DNP-enhancement enabled 1H-13C DNP-HETCOR spectra to be recorded with experimental times of 6 
hours each (Figures 7b,c). DUMBO homonuclear decoupling was used to obtain high-resolution in the 1H 

Dynamic Nuclear Polarization on Surface Species
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DNP on sedimented nucleocapsids

10 mM AMUpol 
(in a solution containing a 

glass forming agent)

Ravera […] Griffin, Luchinat, Bertini,  
J. Am. Chem. Soc. 2013, 135, 1641-1644
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DNP on sedimented nucleocapsids
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DNP on sedimented nucleocapsids

spin system identification
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DNP on sedimented nucleocapsids
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to be established. The basic idea is illustrated in Figure 2a:
Differently labeled green PR complexes are separated into
monomers or low-order oligomers by suitably chosen detergents,
mixed, and reconstituted into a lipid bilayer upon which mixed
complexes are formed.
The largest number of interprotomer 13C−15N interfaces is

obtained for complete disruption of the green PR oligomers into
monomers. We have therefore solubilized and purified green PR
in different detergents [DDM, TritonX-100 (TX-100), and octyl
glycoside (OG)] and assessed its oligomeric state.
The size-exclusion chromatogram of green PR in DDM

recorded at 520 nm reveals high- and low-order oligomers with a
predominant peak eluting at ∼11 mL and a smaller peak eluting
at ∼13 mL (Figure 2b). Since it is difficult to identify the size of
membrane protein complexes within their detergent micelles by
size exclusion chromatography,47 we have also used BN-PAGE

and mass spectrometry. BN-PAGE (Figure 2b) shows one main
pentamer population, which is confirmed by LILBID mass
spectrometry (Figure 5c) in agreement with earlier studies.40

This verification by LILBID, a well-tested and unambiguous
method for determining the mass of macromolecular complexes,
demonstrates that BN-PAGE analysis offers a reliable assessment
of the oligomeric state of green PR. Other studies have
interpreted the observed high-order oligomers as hexamers,
but none of the methods used in these reports allows
discriminating hexamers from pentamers.41,42,48 In contrast to
DDM, exclusively low-order oligomers are found in size-
exclusion chromatograms with TX-100 and OG, which are
identified as mainly monomers in BN-PAGE (Figure 2b). The
different elution volumes of these monomers and low-order
oligomers in DDM, TX-100, andOG are caused by their differing
micelle dimensions.49,50 These results suggest that TX-100 and

Figure 2. (a) Chart illustrating the general procedure for the production of mixed, high-order oligomers: Differently labeled proteins are separately
expressed and disrupted by solubilization with a suitable detergent. These disrupted protomers are mixed in a 1:1 ratio and reconstituted into
proteoliposomes, assembling into mixed-labeled pentamers [see Figure 3 and Table S1 (Supporting Information, SI) for mixing statistics]. (b) Size-
exclusion chromatography and BN-PAGE analysis of green PR oligomers under different conditions: In BN-PAGE, pentamers appear as the most
abundant high-order oligomeric state in DDM. This was additionally verified by LILBID-MS (Figure 5c). Solubilization with TX-100 or OG is sufficient
to disrupt green PR intomonomers. However, pH-titration experiments indicate that the treatment with TX-100 is preferable for the protein (Figure S1,
SI). After reconstitution into proteoliposomes from TX-100 or DDM, green PR assembles back to mainly pentamers and a small fraction of hexamers.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b03606
J. Am. Chem. Soc. 2015, 137, 9032−9043

9034

retinal cofactor18,19 via resonance assignments20,21 to 3D
structure determination.22 Although direct protein interactions
within membrane protein homodimers have not been studied,
the possibility to probe protein−protein contacts by solid-state
NMR has been shown in a few cases by directly observing
interpeptide dipole couplings23 or indirectly through para-
magnetic relaxation enhancement.24 In the case of amyloid fibrils,
mixed-labeled samples were used to obtain interprotein distance
constraints.25,26 An improvement in sensitivity of MAS NMR by
orders of magnitude has been achieved by dynamic nuclear
polarization. The most used mechanism so far is based on the
cross-effect through which a dipole-coupled electron pair creates
a non-Boltzmann magnetization at nearby protons under
microwave irradiation. This polarization is distributed through-
out the sample via spin diffusion causing an almost homogeneous
nuclear magnetization increase (for a recent review see, for
example, ref 27). This approach has been shown to be most
powerful for hypothesis-driven studies under cryogenic con-
ditions, as demonstrated first for bacteriorhodopsin and later also
for other membrane proteins.28−30

Green proteorhodopsin (eBAC31A08 variant) is a light-driven
proton pump31 and part of a large protein family, whose
members were identified through metagenomic screens of
microbial communities from sea surface ecosystems.32 Their
prevalent occurrence makes retinal-based phototrophy a very
important bioenergetic factor.33 Especially, the green-absorbing
variant of PR has been extensively studied through advanced
biophysical methods,34 and solid-state NMR, in particular, has
been applied to resolve secondary structure and dynamics within
the lipid bilayer35 and to elucidate important details of its
functional mechanism and color tuning.36−38 So far, no X-ray
data but a low-resolution backbone structure based on solution-
state NMR of the green PR monomer in detergent39 has been
reported. AFM studies have shown that green PR assembles into
radial hexamers and pentamers in 2D crystalline samples9

(Figure 1a). The latter was confirmed by LILBID-MS on green
PR solubilized in dodecyl β-maltoside (DDM), where it forms
predominantly pentamers.40 Other studies have also confirmed
its high oligomeric state and reported the relative protomer
orientation within the complex based on EPR spectroscopy.41,42

However, the interactions between the protomers are unknown
for the reasons outlined above.
We have therefore taken this open question as a showcase to

illustrate how such information could be obtained. The
underlying experimental concept is illustrated in Figure 1a. By
dis- and reassembling of homo-oligomeric green PR oligomers,
mixed-labeled 13C−15N complexes can be created that show a
unique isotope labeling pattern across their protomer interfaces.
Using suitable solid-state NMR (ssNMR) methods such as
15N−13C TEDOR spectroscopy,43,44 through-space dipole−
dipole couplings indicative of specific cross-protomer contacts
can be identified in this way. However, even a superficial
consideration of such an approach will come to the conclusion
that conventional ssNMR will be highly challenging, since
oligomer mixing follows a statistical distribution, resulting in only
a reduced number of mixed-labeled interfaces. Therefore,
sensitivity enhancement based on dynamic nuclear polarization
(DNP) using, for example, AMUPol as polarizing agent (Figure
1b)45 is indispensible. The labeling scheme used here visualizes
interprotomer salt bridges (Arg/Lys−Asp/Glu) as supposed
from 3D crystal structures of blue PR.10 Single-site mutations are
introduced for assigning the observed contacts and to probe their
role for complex formation by LILBID-MS12 and BN-PAGE.46

We found that one particular salt bridge plays a significant role
for self-assembly and serves as an oligomerization switch
between the native pentameric and the hexameric state of
green PR. Our findings are discussed with respect to
methodological aspects of DNP, in the context of known
structures of proteorhodopsin complexes, with regard to factors
controlling complex formation and finally with respect to the
functional role of the oligomeric state of green PR.

■ RESULTS
Creating Mixed-Labeled Green PR Oligomers. In order

to identify 13C−15N side chain contacts through DNP-enhanced
TEDOR experiments, a procedure for assembling green PR
oligomers consisting of neighboring 13C and 15N protomers had

Figure 1. (a) AFM images of green PR oligomers.9 Predominately
hexamers are found in 2D crystals, while mainly pentamers occur in
proteoliposomes and DDM micelles.9,40 Cross-protomer interactions
could be identified by 13C−15N through-space correlation spectroscopy
on samples assembled from 13C- and 15N-labeled protomers. (b) The
size of the complex within lipid bilayers (5 × 7 or 6 × 7 transmembrane
helices) and the expected low number of interacting spin pairs make the
use of dynamic nuclear polarization for signal enhancement
indispensible, which requires sample doping with biradicals such as
AMUPol.45
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contacts. The signals are found in the 15N chemical shift range of
arginine and lysine, indicating that these residues play a distinct
role for cross-protomer interactions. This is confirmed by the
selectively labeled [CN(Arg,Lys)]-GPR sample, which displays
the same cross-protomer correlation pattern as [CN]-GPR.

Cross-peaks i and ii reveal that the 15N resonance of Arg-Nη,ε
and Lys-Nζ correlates with 13C resonances of carboxyl groups
from Asp-Cγ and/or Glu-Cδ, indicating possible cross-protomer
salt bridge contacts between these residues (Figure 4c). Besides
these potential salt bridge contacts, further cross-peaks are visible

Figure 4. (a) DNP enhancement shown for a 13C−CP spectrum of green PR incubated with 20 mM AMUPol. Upon microwave irradiation, a 60-fold
sensitivity enhancement is obtained. (b) DNP-enhanced 15N−13C-TEDOR spectra (tmix = 6.25 ms) of [CN]-GPR and [CN(Arg,Lys)]-GPR and
control samples [CC]-GPR and [NN]-GPR. All spectra show cross-peaks arising from natural abundance intramolecular backbone 13C−15N-contacts.
Additional cross-peaks labeled i−v are observed in [CN]-GPR and [CN(Arg,Lys)]-GPR. They can be assigned to cross-protomer contacts: peak i
represents a through-space correlation between Arg and Asp/Glu, while peak ii arises from Lys-Asp/Glu contacts (see the text and Figure S2, SI). (c)
These cross-protomer cross-peaks show that salt bridges between Asp/Glu and Arg/Lys must exist at the oligomerization interfaces.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b03606
J. Am. Chem. Soc. 2015, 137, 9032−9043

9036

introduced the mutations R51A, E50Q, and D52N into green
PR.
Importance of Cross-Protomer Contacts for Oligome-

rization. The single mutants GPRE50Q, GPRR51A, and GPRD52N
were reconstituted into liposomes and subjected to BN-PAGE
analysis, which reveals a strongly altered oligomerization
behavior (Figure 5a). Upon introducing E50Q, only monomers
can be detected. Therefore, E50 must play an important role in
the formation of high-order oligomers. In the cases of R51A and
D52N, hexamers instead of pentamers are observed, along with a
monomer subpopulation. This shift toward hexamers is
confirmed by BN-PAGE and especially LILBID-MS analysis of
both mutants solubilized in DDM (Figures 5b,c). Both residues
are therefore involved in an “oligomerization switch” controlling
pentamer or hexamer formation. A comparison of BN-PAGE and
SEC data of all mutants solubilized in DDM is provided in Figure
S4a,b (SI). All mutants display a similar pH-titration behavior of
their optical absorption spectra, which shows that the pKa of the
primary proton acceptor is not affected (Figure S4c, SI). This
demonstrates that these mutations do not have any significant
conformational impact on the protein.
Mixed complexes [CN]-GPRR51A and [CN]-GPRD52N were

prepared in order to analyze these hexameric mutants by
TEDOR experiments (Figure 5d). For [CN]-GPRR51A, an almost
complete loss of cross-peak i (Arg-Asp/Glu) is observed,
compared to [CN]-GPR, confirming that R51 is indeed taking
part in this cross-protomer network. In the case of [CN]-
GPRD52N, cross-peak i disappears and a new resonance with
reduced intensity and a 13C chemical shift reduced by 4 ppm is
detected. This observation confirms the involvement of D52 and
the formation of a cross-protomer salt bridge R51−D52′. The
new peak can be explained by the different 13C chemical shift of
N52−Cγ in themutant, which is close in space to R51. In the case
of GPRE50Q, mixed-labeled complexes for a NMR analysis could
not be prepared, since it decays into monomers. However,
considering that E50 and D52 are located opposite to R51 in the
pentamer, an additional electrostatic cross-protomer coupling
between E50 and R51 can be postulated. On the other hand, R51
is not likely the primary coupling partner of E50, as the
corresponding mutation R51A leads to hexamers but not
exclusively to monomers.
Estimating the Distance between R51 and D52′. The

distance between R51 and D52′ has been estimated from a 15N-
deteced TEDOR buildup curve. All three nitrogens of the R51
guanidinium group contribute to the integral intensity observed
in the 15N-detected TEDOR spectra (Figure 6a), which could
not be deconvoluted under our experimental conditions.
Therefore, the observed TEDOR signal will depend on the
dipole couplings between R51-Nε, -Nη1, -Nη2 and D52′-Cγ,
resulting in an effective dipole coupling:52,53

= + +γ− η γ− η γ− εD D D Deff C N 1
2

C N 2
2

C N
2

(3)

Dipole couplings involving D52′-Cβ can be neglected, as no
such correlation has been detected in the 2D TEDOR spectra.
The normalized buildup is shown in Figure 6b. The best fit is
obtained for Deff = 123 Hz (115−133 Hz in the 95% confidence
interval). Interpreting Deff in terms of distances would require
prior knowledge about the orientation of both side chains with
respect to each other. In the case of a linear arrangement, the
observed Deff would correspond to a distance of 3.68 Å between
R51-Cζ and D52′-Cγ (see Figure S5b, SI). The observed
TEDOR buildup also contains small contributions from

intraresidue single-bond dipole couplings between R51-Cζ and
Nε, Nη1, Nη2 due to residual 13C and 15N isotopes in 15N- and
13C-labeled protomers. Its contribution is estimated to be about
15% (Table S2, SI). The observed Deff will therefore slightly
underestimate the actual distances or rather overestimate the
dipole couplings Deff between R51 and D52′.

■ DISCUSSION
DNP-Enhanced MAS NMR Resolves Cross-Protomer

Interactionwithin the Lipid Bilayer.The approach presented
here is conceptually straightforward but technically challenging,
which explains why such studies have not been carried out before.
The first hurdle to overcome is to find a way to reassemble the
oligomers from differently labeled protomers, but developing
such protocols seems feasible in many cases. In addition to the
work onmicrobial or archaeal rhodopsins, it has been shown for a
number of other membrane proteins that well-chosen detergents
can modulate their oligomeric state, which offers the opportunity
to reassemble the full oligomer upon reconstitution into lipid
bilayers. For example, GPCRs like rhodopsin or the β2-
adrenoreceptor can be solubilized in monomeric form and
dimerize within the membrane,54−56 or the lipid regulator
diacylglycerol kinase from Escherichia coli can be disrupted into
monomers, but it reassembles into its active trimeric state.57

Although solid-state NMR is better suited than any other
spectroscopic method to detect short-range through-space

Figure 6. Estimation of the effective dipole coupling between R51 and
D52 in [CN]-GPR. (a) A 13C−15N TEDOR buildup curve was
measured by recording 15N-detected TEDOR spectra with mixing times
between 0 and 20 ms. (b) The buildup curve was normalized with
respect to the cross-polarization intensity and fitted using a single
effective NC dipole coupling constant, Deff. The best fit is obtained for
Deff = 123 Hz [LB (a single-exponential relaxation damping parameter)
= 22 Hz]. The 95% confidence intervals are 115−133 and 19−25 Hz for
Deff and LB, respectively. A RMSD contour plot and 15N-T2′ data are
shown in Figure S5 (SI). (c) The dipole−dipole couplings between
D52-Cγ and R51-Nε, -Nη1, -Nη2 contribute to the effective coupling.
See the text for further details.
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1. higher temperatures? 



T=195 K
400 MHz

High-Temperature DNP of Solid Proteins

H. Oschkinat and coworkers. 
Akbey et al, Appl. Magn. Reson. 2012, 43, 80-90



2. higher fields and faster MAS rates 



Higher Magnetic Fields and Faster MAS Frequencies 
for DNP NMR of Solid Proteins
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DNP@400 MHz, 
10 kHz MAS

DNP@800 MHz, 
40 kHz MAS
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Higher Magnetic Fields and Faster MAS Frequencies 
for DNP NMR of Solid Proteins

DNP@400 MHz

3.2 mm rotor, 10 kHz MAS

DNP@800 MHz

1.3 mm rotor, 40 kHz MAS

I124

13C chem
ical shift (ppm

)

13C chemical shift (ppm)

At 800 MHz this yields an observed line width mainly governed by 
inhomogeneous broadening.

1.12 ppm

1.44 ppm

2.23 ppm

experiment

800 MHz DNP
40 kHz MAS
150 kHz dec.

800 MHz DNP
12 kHz MAS
100 kHz dec.

400 MHz DNP
12.5 kHz MAS
100 kHz dec.

13C ppm
0-1-2 1 2 3 4 5-3-4-5

223 Hz / 
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81.5 Hz (inh. br.)
191 Hz (hom. br.)

13C ppm
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191 Hz (hom. br.)

13C ppm
0-1-2 1 2 3 4 5-3-4

224 Hz /
1.12 ppm

163 Hz (inh. br.)
101 Hz (hom. br.)

-5

simulation

Both fast MAS and high power decoupling provide better averaging of 
anisotropic interactions and of paramagnetic effects.

DNP@800 MHz

3.2 mm rotor, 10 kHz MAS

Fricke, P.; Mance, D.; Chevelkov, V.; Giller, K.; Becker, S.; Baldus, M.; Lange, A. J. Biomol. NMR 2016, 65 (3), 121–126
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High-Field and Fast MAS DNP on AP205 nucleocapsids
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High-Field and Fast MAS DNP on AP205 nucleocapsids
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115 K using DNP with 40 kHz MAS. 



High-Field and Fast MAS DNP on AP205 nucleocapsids

2D C(HH)C correlation spectra lead 
to the observation of a set of 13 

long-range aromatic-to-aliphatic and 
aromatic-to-aromatic 13C-13C 

contacts…

Expansion of 13C-13C 2D CORD (in black) and 13C-13C 2D 
C(HH)C (in red) spectra of AP205 nucleocapsid



High-Field and Fast MAS DNP on AP205 nucleocapsids

… and to an improvement of the 
RMSD of the calculated structure for 

the AP205 capsid protein

With the DNP constraints
heavy-atom RMSD of 1.77 Å

Without the DNP constraints
heavy-atom RMSD of 2.06 Å

Jaudzems et al., Angew. Chem. Int. Ed., 2018
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Mammeri et al., in preparation
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4. better polarising agents 
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Tailor-Designed Polarizing Agents for DNP 
MAS NMR at High Magnetic Fields
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In collaboration with Harmut Oschkinat’s group

DNP Enhanced NMR of Proteins at High Field
Application on microcrystalline SH3

Microcrytalline 2H, 13C, and 15N-labeled SH3 (70% 1H-back exchanged)  
d8-glycerol/D2O/H2O 60/30/10 & 10 mM M-TinyPol 
T ~ 110 K, 1.3 mm probe, 18.8 T 
MAS 40 kHz, proton dec. 150 kHz

MW ON

MW OFF

Carbon chemical shift (ppm)
150 100 50 0200

 13C-13C 2D CORD 

εC CP ∼ 42



Loren Andreas 
Ladislav Benda 
Andrea Bertarello 
Marta Bonaccorsi 
Jan Blahut 
Diane Cala 
Cécile Chamignon 
Adrian Draney 
Cécile Gozlan 
Kristaps Jaudzems
Daniela Lalli 
Arthur Lejeune 
Lénaïc Leroux 
Tanguy Le Marchand 
Kevin Sanders 
Tobias Schubeis 
Jan Stanek

Frank Engelke 
Sebastian Wegner 

Armin Purea 
Christian Reiter 
Frank Engelke 
Mélanie Rosay 

Ivan V. Sergeyev 
Fabien Aussenac 

Werner Maas
p-MEM-NMR

Lyndon EmsleyAnne Lesage
Alicia Lund 
Monu Kaushik 
Jasmine-Viger-Gravel 
Ribal Jabbour 
Georges Menzildjian 
Dorothea Wisser 
David Gajan

Olivier Ouari 

Antoine Loquet
Birgit Habenstein 
Nadia El Mammeri

Hartmut Oschkinat
Anne Diehl

Olivier Ouari



Spectrometer 1000 MHz:
    Cryo TCI (1H, 13C, 15N, 2H), 5mm, z-gradient
    BBO X/1H 5mm, z-gradient

    0.7 mm H/13C/15N/2H  triple channel CP-MAS + lock
    1.3 mm H/X (15N → 13C) double channel CP-MAS + lock
    1.3 mm H/13C/15N triple channel CP-MAS + lock
    2.5 mm H/X (13C → 31P) double channel CP-MAS
    3.2 mm 1H/13C/15N triple channel CP-MAS + lock

Spectrometer 800 WB DNP:
    1.3 mm 1H/13C/15N-2H triple channel CP-MAS + mode double H/X + lock
    3.2 mm 1H/13C/15N triple channel E-free CP-MAS + lock
    3.2 mm double and triple (1H/13C/15N / 1H/27Al/29Si / 1H/31P/13C) channel 
    DNP CP-MAS (low temperature < 100 K)
    1.3 mm double and triple (1H/13C/15N / 1H/27Al/29Si / 1H/31P/13C) channel 

DNP CP-MAS (low temperature < 100 K)

Spectrometer 800 SB:
    TCI (1H, 13C, 15N, 2H), 5mm, z-gradient
    Passeur automatique (SampleJet, refr. 4°C) pour haut-débit en solution

    4mm 1H/13C/31P triple channel HR-MAS probe, z-gradient
    Passeur automatique (SamplePro, refr. -18°C/4°C) pour haut-débit HR-MAS

    0.7 mm H/13C/15N/2H  triple channel CP-MAS + lock    
    1.3 mm H/13C/15N triple channel CP-MAS
    2.5 mm H/X double channel CP-MAS
    3.2mm 1H/13C/15N triple channel CP-MAS

    Dissolution DNP at high field
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