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2 general introduction

1.1 solid-state nmr

Solid-state NMR (ssNMR) is a versatile analytical method
used in a variety of scientific fields. In materials, it has been
used for investigations of catalysts, Li batteries, zeolites, phar-
maceuticals, paintings or bio-inorganic materials. Applica-
tions towards quantum technology include the excitation and
reading of 31P quantum bits in silica [1,2] or nitrogen vacan-
cies (NV) defects in diamonds. [3] In structural biology, the
technique has been used to tackle fundamental questions con-
cerning the function and dynamics of membrane proteins, the
structure of amyloid fibrils and recently also for studies of
cellular membrane protein complexes.

The two main limitations of ssNMR are sensitivity and res-
olution. In contrast to solution state NMR, interactions like
chemical shift anisotropy and dipolar interactions are not fully
time-averaged. In practice, this leads to so-called "powder
spectra" in which different molecular orientations give rise
to different NMR signals, thereby complicating the spectral
analysis. For studying complex biological samples, tailored
isotope labeling schemes [4–7] and fast magic angle spinning
(MAS) [8] are required to resolve the peaks of interest. The sen-
sitivity issue stems from the small energy gap between the
two spin states (in case of spin 1

2 ).
The energy of the two spin states α and β is given by:

εα = µZ · B0 (1.1.1)

and
εβ = −µZ · B0 (1.1.2)

with B0 as the external field and μ the component of the
magnetic moment (of the nucleus) along the external field:
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µZ = −mγh̄. (1.1.3)

m stands for the magnetic quantum number and γ represents
the gyromagnetic ratio. For 1H and 13C nuclei, m = 1

2 . Com-
bining these energy terms with Boltzmann statistics, leads to
an equilibrium population difference of

Peq =
nα − nβ

N
= tanh

(
γh̄B0

2kT

)
(1.1.4)

in which nα and nβ are the population of spins in the α or β
state, respectively, N stands for the total number of spins, k is
the Boltzmann constant and T represents the absolute temper-
ature in Kelvin. When 2kT � γh̄B0, (at high temperature), the
following approximation can be made:

Peq =
γh̄B0

2kT
. (1.1.5)

According to equation 1.1.5, one way to increase the pop-
ulation difference and therefore the sensitivity of the NMR
experiments, is to increase the B0 field. Doubling the field will
lead to a polarization increase of 2. The dependency of the
signal-to-noise ratio on the B0 field is different: B3/2

0
[9] leading

to a factor of 2.8. This is due to additional factors scaling with
B0: the radiofrequency power and electronic noise. Lowering
the temperature from 273 K to 100 K adds up to a sizable
polarization increase of a factor 2.7.

Another way to achieve high polarization, is to use high γ-
nuclei (e.g. 1H). Transferring polarization from high-γ nuclei
to low-γ nuclei through magnetic dipole-dipole couplings [10]

is common practice in ssNMR. In combination with magic
angle spinning, this cross polarization method (CP-MAS [11])
provides a means to combine the sensitivity of one nucleus
(and fast relaxation) with the spectral dispersion of another
(for example 1H with 13C). Transfer can also be achieved from
a specific chemical shift range specifically to another nucleus
(SPECIFIC-CP) [12] enabling elaborate transfer schemes.



4 general introduction

Even with the techniques mentioned above, sensitivity in
ssNMR is often still an issue. A great potential though lies
in the polarization transfer from unpaired electrons to nuclei,
since electrons have a 2-3 orders of magnitude greater polar-
ization (see Figure 1.1).

This has led to the discovery of Dynamic Nuclear Polariza-
tion, as is described in the next section.

Figure 1.1: Difference in probability of state alpha and beta in equilibrium according
to Boltzmann statistics. At 100 K and 18.8 T, free electrons have a 650 times higher
probability ratio than 1H and 2600 times higher than 13C.
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1.2 dynamic nuclear polarization

History

Polarization transfer from electrons to nuclei has been dis-
covered early in the history of NMR. In 1953, Carver and
Schlichter [13] confirmed Overhauser’s theory [14] and they re-
port:

"We have verified Overhauser’s theory by observing the enhance-
ment of the nuclear resonance in metallic lithium produced by
electron saturation."

Carver and Slichter measured an increase in intensity
corresponding to a 100 times higher population difference
when they irradiated on the electron Larmor frequency. This
relaxation phenomenon was later coined the Overhauser
Effect. For this effect to take place, ω0Sτ < 1, in which ω0S is
the electron Larmor frequency and τ is the correlation time
for the electron-nuclear interaction. [15] For higher fields, this
condition is difficult to fulfill. Overhauser DNP is still used to
polarize nuclei in solution state NMR [16], shuttle DNP [17,18]

and in the form of Overhauser enhanced Magnetic Resonance
Imaging (OMRI) [19–23].

A few years after the Overhauser Effect was discovered,
Abragam and Proctor [24] and Erb [25]described a different DNP
mechanism: the Solid Effect (SE). While the Overhauser Effect
depends on irradiation of allowed transitions, the SE employs
forbidden zero and double quantum transitions.

In the ’60s an additional mechanism involving two electrons
spins, called the Cross Effect (CE) [26–30], was added to the
repertoire. This was followed soon after by a multi-electron
spin mechanism Thermal Mixing (TM). [31,32] CE is currently
the most used mechanism for measurements at ~ 100 K, while
SE is the mechanism of choice for 25 K or lower. [33]

In the ’80s, Magic angle spinning (MAS) [8,34] was imple-
mented in DNP setups. [32,35,36] Please note that the applica-
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tion of MAS has implications for the workings of the DNP
mechanisms (see section 1.2). The development of supercon-
ducting magnets enabled scientist to work at higher mag-
netic fields. The klystron, used as the microwave source for
DNP in these experiments, is not able to generate sufficient
microwave power [37]at higher frequencies (> 95 GHz) nec-
essary for matching the magnetic fields used in modern
biomolecular NMR. With the introduction of gyrotrons to
DNP setups, higher frequencies became accessible, [38,39] up to
527 GHz commercially available today. Other efforts include
electron-nuclear cross polarization using pulsed DNP [40–42]

and temperature-jump DNP. [43]

With DNP systems becoming more widely available, the
use of DNP has found several applications. DNP has proven
its usefulness in areas ranging from catalysts [44] to studies of
whole cells. [45,46]

Polarization transfer mechanisms

From the four transfer mechanisms introduced above, two are
relevant for this thesis: the solid effect and the cross effect.
These mechanisms are discussed in more detail below and
are summarized in figure 1.2.

Solid Effect

The SE is a polarization transfer mechanism between a (nar-
row line) radical and a nucleus. It involves the excitation of
forbidden zero or double quantum transitions microwave fre-
quencies Ω = ωS ± ωI (see figure 1.2a). Due to a non-secular
component of the hyperfine interaction, which mixes elec-
tronic and nuclear spin states, the nuclear relaxation process
becomes allowed. If the microwave is strong enough to cause
flip-flops faster than the nuclear longitudinal spin relaxation
T1n, the spins will be forced in the higher energy spin state.
Usually, the amount of electrons is much lower than the nu-
clei to be polarized, hence the process has to be repeated to
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reach full nuclear polarization. Couplings with other electrons
or nuclei cause relaxation leakage of the polarization lead-
ing to a lower final nuclear polarization. [47] Radicals used for
SE have a small homogeneous and inhomogeneous EPR line
width compared to the nuclear Larmor frequency ωn. If this
is not the case, DQ and ZQ transition will be irradiated simul-
taneously, resulting in very little net effect. The SE scales with
B−2

0 due to its dependence on forbidden transitions. [48]

Figure 1.2: Interactions important for the discussed DNP transfer mechanisms and
spin diffusion. a) Solid effect induced by 0Q (middle) or 2Q (bottom) microwave irra-
diation requires hyperfine interaction (Ah f i) between the nucleus and the electron. b)
Interactions important for CE include a dipolar coupling between the two electrons
(dee). The energy level diagram shows the CE by means of irradiation of e1. Mixing
of states 2,3, 6 and 7 are important for the polarization transfer of electrons to nuclei
c) After the initial polarization transfer to the nuclei, spin diffusion between dipolar
coupled nuclei causes equalization of the polarization throughout de sample. Nuclei
within the spin diffusion barrier are strongly hyperfine coupled to the electron(s) and
cannot transfer the hyperpolarization to the bulk nuclei.

Cross Effect

The cross effect (two electrons and one nucleus, see figure
1.2b) can be described with the following interactions. The
Zeeman effect: the interaction of the nucleus I or the electron
S with the z-component of the external magnetic field:

Hz = ωe1S1z + ωe2S2z + ωn Iz
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leading to Larmor frequencies ωe (with i = 1 and 2) and ωn

for the electron and nucleus. The second effect is the dipolar
interaction between electron spin and the nuclear spin: hyper-
fine interaction (Ah f i).

HAh f i = Azz2IzSiz + Axz2IxSiz + Ayz2IySiz

The dipolar interaction between the two electrons is also es-
sential for the CE:

Hdd = d(2S1zS2z−S1xS2x−S1yS2y)

A similar expression can be obtained for the interaction be-
tween two nuclei, which will be important for the discussion
of nuclear spin diffusion (see below). The interaction between
the electrons and the microwaves used in the experiments can
be described as follows:

Hmw = ω1[(S1x + S2x)cos(ωmwt) + (S1y + S2y)sin(ωmwt)]

in which ω1 is the microwave field strength and ωmw the fre-
quency.

In contrast to the SE, the CE makes use of allowed tran-
sitions. Continuous wave irradiation is then applied on one
of the electron frequencies. When the matching condition
ω0I = ω0S1 − ω0S2, is met, the saturation of the electron transi-
tion of one of the electrons leads to a simultaneous spin flip of
the other electron and the nucleus. Depending on what elec-
tron is irradiated, either positive or negative DNP enhance-
ment is obtained. The electrons need to be sufficiently dipo-
lar coupled to allow mixing of states. Also, the inhomoge-
neous width of the EPR powder line shape needs to exceed
the nuclear Larmor frequency. As in the SE, the homogeneous
breadth should remain small. Biradicals, two radicals teth-
ered together via an organic linker, have been synthesized to
meet these conditions (see section 1.2). The electron line width
scales with the magnetic field, thus the matching condition is
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obtained less frequently at higher fields. This leads to a (theo-
retical) dependence of the CE of B−1

0 . [48–50]

Cross Effect under MAS

Most theoretical descriptions of CE are those under static con-
ditions. [51,52] Magic angle spinning can change the energy lev-
els of electron spins with large g-anisotropy rapidly. Further-
more, the DNP effect is found to be dependent on the MAS
speed. [53] A quantum mechanical description for the CE un-
der MAS conditions has been given by Thurber et al. [54] In the
three-spin model proposed in this work, irradiation, at either
ω0S1 or ω0S2, and the matching condition ω0I = ω0S1 − ω0S2

occur at different time points during the MAS cycle. During
avoided level-crossings, mixing of states 2,3,6 and 7 occurs
(see figure 1.2b). In the first instance, polarization difference
between the two electrons is created, while during the match-
ing condition, some of this polarization difference is trans-
ferred to the nucleus. A third level crossing, between the en-
ergy levels of ω0S1 and ω0S2 concludes the sequence. The level
crossings have to be adiabatic in order to exchange spin states.
In case of non-adiabatic level crossings, the polarization of the
two electrons will equalize. This is one of the reasons why the
CE is expected to drop off at higher MAS speeds.

Spin diffusion of nuclear polarization

After the initial step of nuclear polarization through DNP,
the polarization becomes spread through the sample up to
a distance in the range of micrometers through the process
of nuclear spin diffusion (see figure 1.2c). [55–57] It has been
suggested that nuclei closest to the paramagnet will not take
part in this process since the NMR line of the nuclei is shifted
due to the proximity of the unpaired electron: the so-called
nuclear spin diffusion barrier: Ah f i = d. [51,58,59] The nuclei
within this sphere cannot undergo spin-spin transitions with
bulk nuclei. Instead, bulk nuclei residing just outside this the
spin diffusion barrier are polarized via CE and this polariza-
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tion is spread through the sample leading to the observed
DNP enhancement.

For the SE, it has been found that the kinetics of the whole
DNP process are limited by the initial polarization transfer
from electron to nucleus in case of Trityl, while for Gd-DOTA,
the spin diffusion is the rate limiting step. [59] Although such
studies have not been published for the CE, the good perfor-
mance of highly deuterated solvents suggests that spin diffu-
sion is probably not rate limiting for CE. [54,60]

Radicals

Although there are examples in the literature of the use of
non-organic radicals like Gd3+-DOTA, [61] most are stable free
organic radicals. The stability of organic radicals comes usu-
ally from steric hindrance and the existence of resonance
structures. [62] The most commonly used radicals are nitroxide-
based (or more correctly: aminoxyl). The nitroxide radical
2,2,6,6-Tetramethylpiperidin-1-oxyl (TEMPO) possesses a de-
localized unpaired electron which contributes to the stability
of this compound. The resonance structure can be found in
Figure 1.3. An advantage of these nitroxide radicals is that
they have a relatively long T1e (10−7s at RT [63]) compared
to for example Cu2+ and a very small anisotropic magnetic
susceptibility tensor. [64,65] Due to its resonance structure, the
radical is partially charged and neither very hydrophobic nor
hydrophilic. Depending on the groups attached to the radi-
cal, the properties can be modulated. For example, TOTAPOL
is relatively hydrophilic while bTbK is very hydrophobic [66]

(see figure 1.4). Although nitroxide radicals are relatively sta-
ble, they can be reduced (lifetime of TEMPO in a cell is at the
order of minutes) or broken down at low pH. [67]

For inital high-field DNP experiments, BDPA, [35,36,38,40]

trityl radical [68] and 4-amino-TEMPO [69] were used. While
these are all monoradicals, in the quest for higher DNP en-
hancements, biradicals were designed to establish the CE.
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Figure 1.3: Resonance structure of the nitroxide radical. The resonance structure con-
tributes to the stability of the radical. Another stabilizing factor is the steric hindrance
caused by the methyls located on both sites of te aminoxyl group.

CE radical design

A plethora of biradicals have been designed in the past years
in search of higher enhancements or to extend the applica-
tion range of DNP. A few of these molecules can be found
in figure 1.4 (right side). The first biradicals, the BTnE se-
ries, were designed to determine the optimal inter-electron
distance for the CE. [70] The authors concluded that the best
distance is probably shorter than what the BT2E linker pro-
vides (they did not succeed in synthesizing BT1E). The group
did successfully synthesize TOTAPOL which has a short hy-
drophilic linker. [60] This strategy indeed yielded considerable
DNP enhancements. Both BTnE and TOTAPOL can rotate
around their linker bonds, which reduces the probability on
a frequency match compared to a fixed orientation. A radi-
cal designed with the latter strategy in mind, bTbK [71], does
have this rigid linker with perpendicular orientation of the
radicals. The resulting DNP enhancement is about 1.4 times
higher. However, such parameters are hard to compare due to
different hydrophobicity and therefore different ideal solvent
conditions. Due to its hydrophobic nature, bTbK is not com-
patible with a water/glycerol solvent. Yet, the radical has been
successfully used in structural biology. [72]

In recent years, the attention has turned to the relaxation
properties of the radicals leading to the synthesis of radicals
such as PyPol and AMUPol. [79] In these biradicals, methyl
groups next to the radicals are replaced with spirohexyl-
groups. This greatly increases their T2e. Also, AMUPol pos-
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Figure 1.4: Persistent radicals used for ssNMR DNP include TEMPO and its mono-
radical derivatives and several biradicals including hydrophobic radicals like bTbK,
bCTbK and PyPol as well as more water-soluble variants like bTUrea, TOTAPOL,
and AMUPol. The Trityl OX063

[68] radical is used in combination with TEMPO. [15]

The biradical SPIROPOL [73] and the triradical DOTPOPA-TEMPO [74] are also used
in DNP experiments. Other non-nitroxide radicals (not shown) used are BDPA [38],
SA-BDPA [75], Gd-DOTA [76], Galvinoxyl and DPPH [77] and the endogeneous readi-
cal FMN (flavomononucleotide) [78].

sesses a longer electron T1e due to the molecular size due to
an additional polyethylene glycol tail. Longer T1e and T2e al-
low for better saturation of the EPR transitions. Additionaly
these radicals have a stronger e-e dipole coupling due to their
shorter linker (34 MHz vs 23 MHz of TOTAPOL). Further-
more, the linker is more rigid than for example TOTAPOL.
Together, this combination leads to a 3.5 - 4 fold higher DNP
enhancement. One other advantage of AMUPol above TO-
TAPOL is the more advantageous temperature dependency
enabling experiments at higher temperatures. [79]
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Optimization of DNP conditions

The main advantage of DNP compared to conventional
ssNMR experiments is the significant sensitivity increase ob-
tained with the technique. Traditionally, only the DNP en-
hancement is reported as a measure for the efficiency of the
DNP process. The DNP enhancement is defined as the ratio
between the signal intensities of the NMR spectra recorded
with and without microwaves under otherwise similar condi-
tions (low temperature, radicals present). In practice, it is not
always the sample with the highest enhancement that gives
the best sensitivity improvement compared to conventional
ssNMR. This has been demonstrated for example by Lange et
al. [80] At high paramagnet concentration, the sensitivity of the
NMR experiment drops due to paramagnetic quenching of
the signal. In fact, the sensitivity, usually expressed as signal-
to-noise (S/N) per unit of time, is determined by multiple fac-
tors including temperature, the DNP build-up time, efficiency
of cross polarization, magic angle spinning speed, magnetic
field strength, saturation of the electron transition, the signal
line width and the performance of the probe. [61,81,82]

Paramagnetic Relaxation

The addition of radicals greatly influences the relaxation prop-
erties of the nuclei. At 100 K, the 1H T1 in a non-deuterated
environment is ~ 10 s. Due to the addition of radicals, the T1

is reduced to 0.5 - 4 s depending on the radial concentration.
Less advantageous is the reduction of the nuclear T1ρ and T2

due to the paramagnetic centers. The efficiency of the nuclear
cross polarization process becomes reduced. For experiments
with multiple cross polarization steps, this aspect can lead to
significant signal loss. Also, the signal line width is influenced
by the vicinity of the radicals. As discussed in chapter 2 , this
is only a minor contribution when 5-10 mM of TOTAPOL is
used. [61]
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Temperature

Several factors influencing the S/N-ratio depend on tempera-
ture. First of all, the electronic circuitry produces less thermal
noise at lower temperature. Secondly, the DNP transfer mecha-
nism become more efficient at lower temperature. [79] At lower
temperature, spin relaxation becomes slower. The lengthening
of the T1e/T2e improves the saturation of the electron transi-
tion. This leads to a steep increase in DNP enhancement with
lower temperature. A third source of sensitivity increase can
be deduced from figure 1.1. The equilibrium polarization is
higher at lower temperatures (a factor of 2.7 between 273 K
and 100 K). Lower temperatures also cause longer polarization
build-up times. Therefore the question arises what tempera-
ture is most efficient per unit of time. According to Thurber
et al., [33] DNP methods applied at 25 K are more sensitive
per unit of time than those used at 100 K. A disadvantage of
working at these temperatures is the consumption of helium
neccessary to work at these temperatures.

Conformational Heterogeneity

As can be read in detail in chapter 2, the presence of conforma-
tional heterogeneity can greatly influence the intensity of the
ssNMR signals. At the experimental temperatures, almost all
motion is frozen out. Conformational exchange that is too fast
at ambient temperatures compared to the NMR time-scale, ap-
pears as individual signals for each conformation at low tem-
perature conditions used for DNP.

1.3 dnp as a tool for structural biology

Membrane proteins have been a common research topic in
ssNMR due to the inherent difficulty to study these systems
with other structural biology tools including X-ray crystallog-
raphy. Due to its exposure to the environment, membrane pro-
teins are wide-spread drug targets. The sensitivity of conven-
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tional ssNMR requires for overexpression and subsequent pu-
rification of the protein of interest. The aim of NMR scientists
to investigate protein structures in their native environment
is therefore often not reached. Moreover, not all membrane
proteins can be easily purified and/or reconstituted. Recent
progress on both the sample preparation side in combination
with the sensitivity of DNP makes this kind of studies more
feasible. Instead of overexpression, purification and reconsti-
tion of the protein in artificial liposomes, cellular envelopes of
bacteria with the protein of interest overexpressed can now be
measured directly. [45,83]

DNP studies in the literature

Since the early 2000’s, several DNP studies have been pub-
lished on the topic of membrane proteins and peptides. Start-
ing from labeled retinal in bR (bacteriorhodopsin), a handful
of other biological systems have been the subject of DNP ex-
periments. Depending on the sample preparation, the mea-
surements of the Griffin group showed promising DNP en-
hancements ranging from 40-90. [84–87] For other membrane
proteins, DNP enhancements between 8 and 32 at 400 MHz
have been published up to date. These can be found in figure
1.5. The bR DNP enhancements are not included in the fig-
ure, since they were measured at 211 MHz or at 80 K and 380

MHz while all other samples were measured at 100 K using
commercial Bruker Biospin 400 MHz/ 263 GHz systems. Data
recorded in Utrecht at the 800 MHz/ 527 GHz DNP system
are added for comparison. As can be expected, the enhance-
ments are lower at 800 MHz than at 400 MHz (see section 1.2).
Thanks to the use more efficient biradicals (section 1.2), the
enhancements are still sizeable.

While the majority of structural biology studies involve
membrane proteins, or membrane-associated proteins, also
crystalline samples have been studied. For example, the PI3-
SH3 domain [53] yielded an enhancement of 46 at 8 kHz spin-
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ning. The fibrillar GNNQQNY7-13 from the yeast prion pro-
tein Sup35p yielded an enhancement of 120 (211 MHz, 90 K)
and 20 (400 MHz, 100 K). [56,88] Another example is the elu-
cidation of the structural organization of an amyloidogenic
protein. Transthyretin (TTR105-115) was investigated using
ssNMR and, additionally, with DNP enhanced ssNMR. [89]

In the following paragraphs, the biological systems, shown
in figure1.5 on the left side, will be discussed in more detail.
These systems can be divided into three categories: membrane
(associated) peptides, reconstituted membrane proteins and
cellular preparations and native membranes.

Figure 1.5: Published DNP enhancements on transmembrane proteins and peptides
measured at 400 MHz / 263 GHz and 100 K compared to in-house measured en-
hancements on proteins at 800 MHz / 527 GHz and 100 K.

Membrane (associated) peptides

The transmembrane model peptide hΦ17W was investigated
in oriented membranes. [66] In both oriented and non-oriented
membranes several strategies were tested, including different
concentrations of hydrophobic and hydrophilic biradicals. [72]
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bTbK gave better DNP enhancements of the peptide than
preparations using TOTAPOL.

The lipid-anchored N-terminal tail of protein Aβ, which is
used in a liposomal vaccine against Alzheimer’s disease was
investigated using DNP. Details can be found in chapter 4. [90]

Reconstituted membrane proteins

In one study involving membrane proteins, SecYEG was re-
constituted in E. coli with 40 nmol of a 25 amino acid signal
peptide LamB. [91] The signal peptide contained 4

13C-labeled
amino acids. In order to distinguish these from the natural
abundance signal, double quantum filtering was utilized. The
secondary chemical shift from the DQSQ experiment indi-
cated an α-helical conformation of the signal peptide.

In the Griffin group, the binding sites of rimantidine to the
influenza proton channel M2 were investigated using DNP. [92]

A structural model of the rimantidine binding the M2 was
designed based on distance measurements under DNP condi-
tions.

Cellular preparations and native membranes

Three different cellular preparations have been reported in the
literature up till now: PagL, NTII/nAChR and Mistic.

Mistic, an E. coli protein hypothesized to act as a chaper-
one, was subjected to 3D NCOCX and NCACX experiments
in native membranes with the help of DNP. It is not known
whether it is a transmembrane protein or membrane associ-
ated. Assignments were made in a specifically labeled sample.
These experiments confirmed the α-helical structure of this
particular stretch. [93]

The NTII/nAChR complex, a neurotoxin bound to an
acetylcholine receptor, was measured in native membranes.
The line width of the [2-13C]-glycerol labeled neurotoxin de-
pended heavily on sample storage conditions. While initially
a strongly broadened diagonal was observed, a 4 week stor-
age period in a freezer greatly reduced the resolution. At the
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same time, half of the DNP enhancement was lost. The au-
thors hypothesize that storage of the sample at -20 ºC caused
a reduction of the radicals in the hydration shell of the protein,
which induced broadening through paramagnetic relaxation
effects in their first experiment. As potential reducing agent,
the cysteine residue’s thiol group was suggested. [94]

The cellular envelope and whole cell preparations of PagL
overexpressed in E. coli yielded DNP enhancements of 26 and
10, respectively. Apart from PagL, major components of the
membrane could be distinguished: phospholipids, peptidogly-
can, phospatidylethanolamine, lipopolysaccharide and also a
small lipoprotein Lpp. [45] Interestingly, a recent study focused
on the enhancement of cell wall materials and found an affin-
ity of TOTAPOL for peptidoglycan. [46]

Factors influencing sample quality

Since LT-DNP experiments are performed far below glass tran-
sition temperature of proteins, cryoprotection is often needed.
The formation of ice crystals could destroy the structural in-
tegrity of the protein. Up to date, glycerol or DMSO have been
used to prevent the formation of ice crystals upon freezing.
The efficiency of the DNP process, both the initial transfer
step as well as the subsequent spread of polarization, is also
influenced by the state of the solvent. Without glass forma-
tion, radicals are pushed out of the solvent during freezing.
The subsequent uneven distribution of radicals leads to un-
favorably fast relaxation close to the concentrated biradicals.
This process then results in an efficiency decrease of the po-
larization transfer. [71,79,95] Also, it has been hypothesized [56,96]

that the boundaries produced by crystal formation hinder the
spin diffusion process which is essential for spread of the po-
larization throughout the sample.

For some biological samples, the lack of sufficient cryprotec-
tant influences the DNP efficiency less. This is the case when
the radical is either covalently attached to a protein (see chap-
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ter 3) or the radical is enriched at the protein surface (see
chapter 2 and Ravera et al. [96]).

1.4 scope of the thesis

This thesis is organized as follows. Chapters two and three
comprise methodological investigations of solid-state DNP at
both 400 MHz / 263 GHz and 800 MHz/ 527 GHz. Local
DNP enhancements at specific protein residues are observed
for the first time. MTSL-labeling, a widely used spin labeling
technique in EPR, is shown to produce sizable DNP enhance-
ments when placed on a well chosen position. In the last two
chapters, applications of DNP on two different biological prob-
lems are described. In both cases, the molecules of interest
are low abundant, precluding the use of conventional ssNMR
experiments.

In chapter 2, experiments with the membrane embedded K+

channel KcsA at a 800 MHz / 263 GHz DNP system are de-
scribed. A four fold decrease in DNP enhancement compared
to the 400 MHz system is observed. This number does not con-
firm the theoretical prediction for the field dependency of the
CE, but is consistent with observations at 600 MHz. [79] The
resolution of parts of the spectra did not change compared to
ambient temperatures, while others parts became broadened.
This is likely due to conformational heterogeneity, which re-
flects local dynamics at ambient temperatures. Furthermore,
it was observed for the first time that DNP enhancements can
fluctuate in the vicinity of the radical.

Chapter 3 describes the employment of MTS spin labels for
DNP. For this study cysteine mutants of the tetrameric KcsA
were used. Labels on both sites of the membrane were tested.
The label position at the intracellular site (G116C), showed the
highest enhancement, rivaling the enhancements observed for
a similar concentration of the biradical TOTAPOL.
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Chapter 4 describes the observation of multiple conforma-
tions of the N-terminal part of the Aβ protein in a liposomal
Alzheimer’s vaccine. The fifteen-residue, palmitoyl-anchored
peptide contained three 13C-15N labeled amino acids. The
measured secondary chemical shifts of these residues revealed
several peptide conformations depending on the lipid com-
position of the liposome. These data agree with random coil
conformations and conformations with less or more β-strand
character.

In chapter 5, experiments on biominerals extracted from the
marine unicellular eukaryote Stephanopyxis turris are pre-
sented. The location and character of the relatively low
amount of organic material in the pores of the silica-based
cell wall (frustule) is investigated with DNP. The 29Si labeled
frustules revealed a wide variety of chemically non-equivalent
sites. Additional 15N labeling of the culture revealed signals
of the proteinacious components of the frustules as well as
polyamines.

The last chapter of this thesis is chapter 6 which encompasses
conclusions and future perspectives.
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2.1 introduction

Dynamic nuclear polarization (DNP, Ref. [1]), a process in
which nuclear spins are polarized via microwave irradiation
of a nearby electron spin, is finding widespread applications
in NMR spectroscopy [2,3] and Magnetic Resonance Imaging
(MRI). [4,5] In solid-state NMR (ssNMR), the combined appli-
cation of low-temperature LT DNP, Magic Angle Spinning
(MAS, Ref [6]) and the use of exogenous paramagnetic po-
larizing agents has been employed as a signal enhancement
method with increasing applications in material [7] and life sci-
ence [8]. For example, LT DNP under MAS has been used to
study membrane-associated peptides [9,10] as well as interme-
diate [11] and ligand-bound membrane protein states. [12–14] In
addition, DNP-MAS has been successfully applied on cellular
preparations [15–17] and can be used to examine large macro-
molecular complexes. [18]

On the other hand, paramagnetic agents are widely em-
ployed to enhance contrast and resolution in MRI applica-
tions. [19] The same principles have made paramagnetic relax-
ation effects (PREs) invaluable tools to refine molecular struc-
tures in biomolecular applications of solution [20,21] and, more
recently, solid-state NMR. [22,23] In the latter case, elegant ap-
proaches have also been proposed to reduce spectroscopic
repetition rates [24] and it is well known that the modulation
of longitudinal relaxation rates by PREs favorably influences
spectroscopic aspects of low temperature LT DNP studies.

While progress has been made in building DNP systems
at high fields, [25,26] most commercially available DNP NMR
spectrometers have been operating at a 1H resonance fre-
quency of 400 MHz (and 263 GHz DNP) where spectroscopic
studies, at least in part, can be hampered by the compara-
tively low spectral resolution. Here, we investigate the use of
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MAS DNP instrumentation operating at 800 MHz/527 GHz
for biomolecular solid-state NMR. Since ssNMR has become
a powerful method for applications in membrane- and cell
embedded molecular systems, we utilized in our studies uni-
formly

[13C,15 N
]

and
[2H,13 C,15 N

]
labeled variants of the

membrane embedded potassium channel KcsA, for which
crystallographic information [27,28] as well as ssNMR data are
available. [29–31] As in the general class of K+ channels, KcsA
comprises two coupled gates that are located at either end of
the channel pore and that are called the activation and inac-
tivation (a.k.a. selectivity filter, SF) gate. Channel inactivation
leads to a closing of the inactivation gate and an opening of
the activation gate. [32–34]

Starting with the closed conductive channel state that has
been well characterized by X-ray and ssNMR, we examined
the influence of transversal PREs and conformational hetero-
geneity upon LT DNP spectra obtained at 800 MHz/ 527 GHz
at the residue-specific level. Our NMR studies were assisted
by single channel measurements and MD calculations. Fur-
thermore we compared spectral resolution and DNP enhance-
ments to results obtained at 400 MHz, providing insight into
site-specific origin for ssNMR line broadening and signal en-
hancement under LT DNP conditions. For many ion channel
residues, we observed an increase in spectral resolution. These
findings provided the basis to employ high-field DNP to ex-
amine how variations in ion channel structure correlate to the
channel state before and after inactivation.

2.2 materials and methods

Sample preparation

We prepared proteoliposomal samples containing uniformly
(13C,15N) labelled KcsA in the closed conductive and open
inactivated state as described before. [30,31,35] As in ref [36],[2H,13 C,15 N

]
labeled KcsA was expressed and back ex-
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changed and reconstituted in asolectin. For DNP-based
ssNMR experiments, we washed liposomal KcsA samples
with 50 μL DNP solution containing TOTAPOL [37] (5 mM
as well as 10 mM) or AMUPol [38] (25 mM) in 1:2:2 (v/v/v)
glycerol-d8, D2O, and H2O. Samples were then centrifuged at
125,000 g for approximately 30 min and the supernatant was
removed. This procedure was done twice. The remaining pel-
let was then transferred from the Eppendorf tube to a 3.2 mm
sapphire rotor by means of a funnel and a 5-10 s centrifuga-
tion in a bench top centrifuge.

Solid-state NMR and DNP experiments

ssNMR and DNP experiments were conducted using 3.2 mm
triple-resonance 1H,13 C,15 N magic-angle-spinning (MAS)
probe heads at static magnetic fields ranging from 9.4 to 18.8
T corresponding to proton/electron resonance frequencies of
400 MHz/ 263 GHz44, 700 MHz or 800 MHz/ 527 GHz
(Bruker BioSpin). Data were recorded at 100 K (LT) and at
273 K (referred as ambient temperature, AT) employing MAS
rates between 8 and 15 kHz. Pulse schemes reflected stan-
dard homonuclear proton-driven spin diffusion (PDSD) and
double-quantum filtered

(13C,13 C
)

using SPC5 recoupling. [39]

NCA experiments typically utilized SPECIFIC-CP transfer. [40]

Molecular dynamics simulations

Atomistic MD simulations were carried out using the GRO-
MACS simulations package version 4.5.3 with the GRO-
MOS53a6 force field. [41] The starting structure was derived
from crystal structure 3EFF, truncated to residues 22 to 115.
The channel was embedded in a POPG bilayer in an aqueous
solution of 150 mM KCl. All simulations were carried out un-
der constant pressure. The chemical shift analysis presented
in figure 2.4 is based on a 10 ns simulation, while chemical
shifts where predicted every 200 ps using SPARTA+. [42]
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Single Channel Measurements

Single channel recordings of KcsA were performed on a pla-
nar lipid bilayer setup (Compact, Ionovation GmbH). Lipid
bilayers were formed by painting the lipids dissolved in n-
decane over a 200 μm hole in a Teflon-septum that separated
two chambers (cis and trans). KcsA proteoliposomes (1−5 μL)
were added to the cis chamber. Single channel currents were
recorded in symmetrical 150 mMKCl solution. The cis side
was buffered to pH 7.0 by 10 mM HEPES and trans side was
buffered to pH 4.0 by 10 mM succinic acid. All measurements
were performed at room temperature. Data were sampled at
10 kHz and filtered at 1 kHz.

2.3 results and discussion

Paramagnetic relaxation effects

In order to probe paramagnetic relaxation effects in our
DNP samples, we firstly studied membrane-embedded U-[13C,15 N

]
KcsA at AT before (figure 2.1a, black) and after

addition of 5 mM TOTAPOL and 20% glycerol (figure 2.1a,
green). Note that this situation (with water-soluble radicals)
is different from using covalently attached radicals (see, e.g.
Ref [43]). The addition of the biradical left large parts of the
spectra unaffected (i.e. no reduction of signal intensity and
chemical shift changes) with the exception of, for example,
backbone resonances of Pro 63, Thr 61 or Thr 85 or side-chain
cross peaks of Val 84 (figure 2.1a). PRE-induced signal is ex-
clusively found in the solvent-exposed regions as can be de-
duced from the attenuation plotted on a three-dimensional
membrane embedded model of KcsA in the closed conduc-
tive state (figure 2.1b, left).
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Figure 2.1: a) (13C,13 C) PDSD data obtained at AT conditions before (black) or after
addition of 5 mM TOTAPOL (green). In b), the residue-specific signal attenuation
due to the addition of 5 mM TOTAPOL and 25 mM AMUPol is shown. The scale bar
represents signal scaling after addition of biradical ranging from 1 (green) to 0.18

(red).
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Within the selectivity filter (SF, residues 74-79) that repre-
sents the inactivation gate, [30] we observed a strong decrease
in PREs when moving from the water-exposed entry (Gly 79)
towards the center of the channel (Thr 74). For many solvent-
exposed residues signal intensities were reduced by more than
a factor 5 (figure 2.1b, left, red). Variations of solvent PREs [44]

on the protein-solvent interface could be explained by sim-
ilar mechanisms as found for the radical TEMPOL in earlier
solution-state NMR experiments. [45–47] Hence, our results sug-
gest that PREs at AT are restricted to a few Angstrom below
the solvent exposed channel parts caused by radicals residing
in the solvent or close to the solvent-exposed protein surface
and not in the membrane. The presence of glycerol, did not
lead to additional line broadening at AT conditions (see chap-
ter 3).

Figure 2.2: Single channel current of KcsA in planar lipid bilayers at increasing levels
of TOTAPOL

Since strong PREs were found at the extracellular chan-
nel pore entrance, we further investigated the possibility of
TOTAPOL binding to KcsA. Electrophysiological experiments
(figure 2.2) suggest that concentrations as low as 4 mM TO-
TAPOL affect single channel properties of KcsA by reducing
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amplitudes of the single channel current by as much as 40%
at which point a plateau is reached, excluding the possibility
of channel blockage by the radical. Instead, these results sug-
gest, together with the lack of chemical shift changes (figure
2.1a), a partial occlusion of the channel entry with increasing
concentrations of the biradical without perturbing the struc-
ture of the channel itself. Weak, transient binding cannot be
excluded.

Next we conducted experiments using 25 mM AMUPol
which revealed a similar overall relaxation profile (figure 2.1b,
right), albeit with slightly weaker effects at the channel entry.
These results suggest that PREs at AT are slightly larger for
KcsA samples prepared with 5 mM TOTAPOL than in sam-
ples containing 25 mM AMUPol. Taking into account the five
times lower TOTAPOL concentration, this observation likely
reflects the influence of different molecular sizes of the two
biradicals considered. Due to the additional hydrophilic tail
of AMUPol and the size of the molecule, the radical center
of AMUPol would be, on average, further distant to the pro-
tein - lipid surface than in the case of the more hydrophobic
TOTAPOL.

Intrinsic line width at low temperature

Our previous analysis identifies PREs as an important source
of T2 relaxation that provides direct insight into the solvent-
exposed molecular region (figure 2.1b). In addition, molec-
ular motion should give rise to structural disorder at lower
temperatures. Such effects have, for example, been exploited
in the context of studying peptide and protein folding by
ssNMR. [48,49] More recently, the dynamics of globular pro-
teins [50] and the impact of solvent dynamics for LT ssNMR
experiments have been investigated. [51] In the following, we
hence considered contributions of both PREs and structural
disorder for LT DNP data obtained at 800 MHz/ 527 GHz un-
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der variable biradical concentration and compared our results
to experiments at 400 MHz LT DNP conditions.

Figure 2.3: 400 MHz and 800 MHz. DNP 2D PDSD spectra recorded at 400 MHz
(black) and 800 MHz (red) are overlayed. Proline CD1-CA (b) and Threonine CB-CA
(c) regions are shown on the right, together with 1D projections of the CA peaks in
the direct dimension. Note: 400 MHz DNP 2D PDSD spectrum contains a folded in
sideband.

Figure 2.3 compares results of a standard 2D
(13C,13 C

)
PDSD experiment obtained on U-

[13C,15 N
]

KcsA in asolectin
bilayers at 400 MHz (black) and 800 MHz (red) under DNP
conditions using TOTAPOL as polarizing agent. At the lat-
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Figure 2.4: Projections of resolved peaks stemming from selectivity filter residues.
1D projections using 5 mM TOTAPOL (black) and 10 mM TOTAPOL (orange) are
overlayed with the chemical shift distribution predicted by MD (see experimental
details). For reference, the line width measured at 700 MHz AT, without addition of
TOTAPOL is given by red bars. Results from Gly 79, Gly 77, Thr 74 and Thr 75 were
taken from an NCA spectrum and Thr 85 was determined from a (13C,13 C) PDSD
spectrum. The inset structure is a zoom-in from figure 2.1b (solvent PREs at AT).

ter field strength, we also compared data for a TOTAPOL
concentration of 5 mM (figure 2.4, black) and 10 mM (fig-
ure 2.4, orange) and focused on residues around the selec-
tivity filter. In order to obtain complementary insight into the
role of residue-specific channel motion we conducted molec-
ular dynamics (MD) simulations and computed the chemical-
shift distribution (figure 2.4, histograms) from our MD trajec-
tories as shown before. [48,52] We observed a remarkable cor-
relation between line widths determined experimentally and
predicted from MD runs for the residues Gly 77, Thr 74 and
Thr 75 (figure 2.4). Note that this analysis suggests that struc-
tural disorder in the selectivity filter is restricted to Thr 74 that
exhibits a significantly larger line width than Thr75 and Gly 77

(vide infra) and only mildly improves in resolution when mov-
ing from 400 to 800 MHz (figure 2.3c). The other two residues
investigated, i.e., Thr 85 and Gly 79, exhibit greater line width
than predicted by the MD simulation data (figure 2.4). These
residues where among the most attenuated ones at AT (fig-
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ure 2.1) suggesting that broadening is due to paramagnetic
relaxation. This view is further supported by investigating the
effect of increasing the concentration of TOTAPOL from 5 to
10 mM. In this case, broadening for Thr 85 and Gly 79 fur-
ther strongly increases while PREs for Thr 74, Thr 75 and
Gly 77 remained limited (figure 2.4). Notably, residues that
seem to be dominated by PREs (P55, P83) still exhibit an im-
provement in spectral resolution at higher field (figure 2.3b).
Taken together our analysis confirms that line broadening ef-
fects at low temperatures can be explained by two phenomena:
conformational heterogeneity and paramagnetic relaxation ef-
fects.

Figure 2.5: Overlay of 13C-13C PDSD at 700 MHz, 273 K without radicals (black) and
800 MHz LT, 5 mM TOTAPOL with (a, red) and without microwaves (b, orange).
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Figure 2.6: Comparison of KcsA data obtained at AT and LT DNP conditions. The
results of 2D NCA experiments obtained at 700 MHz at AT conditions and with-
out biradical (black) are compared to data acquired under DNP conditions at 800

MHz/527 GHz using 5 mM TOTAPOL (a, red) or 25 mM AMUPol (b, blue).

Comparison to high field data at AT

To further verify our conclusions regarding the intrinsic line
width under 800 MHz DNP conditions, we compared our LT
DNP data (figures 2.5 and 2.6, colored) to results obtained at
AT conditions in the absence of the two biradicals of interest
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(figure 2.5 and 2.6, black). The latter data were obtained at
higher field strength (700 MHz). Using previously assigned
large fractions of KcsA variants, [29,31] we analyzed 2D PDSD
experiments at LT (figure 2.5) as well LT NCA data under
DNP conditions using 5 mM TOTAPOL (figure 2.6a) and 25

mM AMUPol (figure 2.6b). In both sets of experiments we ob-
served PRE modulated signal intensities for residues located
at the channel-water interface. For example, Thr 61 and Thr
85 exhibited weaker signal intensities than Thr 74 and Thr 75.
Note that these findings were made irrespective of the birad-
ical type. Additional correlations in the region 70 to 65 ppm
originate from co-purified lipids which are mobile under AT
conditions. [53]

On the other hand, the apparent line width of many
residues seen at LT DNP in the presence (figure 2.5a) or ab-
sence (figure 2.5b, orange) of microwave irradiation compared
favorably to data obtained at high temperatures. For example,
LT DNP correlations seen for Thr 74 or Pro 83 are virtually
identical to data seen at AT 700 MHz conditions. In the case
of Gly 79, we previously had detected increased channel dy-
namics. [54] The observed weak intensity at LT conditions can
be explained by a combination of increased dynamics (vide
infra) and PREs.

Residue specific and overall enhancements

Firstly, we determined global enhancement factors at 800

MHz/ 527 GHz conditions in one-dimensional 13C CP ex-
periments for both protonated and deuterated variants of
membrane-embedded KcsA. We observed factors of 2.8 and
up to 8.3 for uniformly labeled [1H,13 C,15 N] KcsA with 5 mM
TOTAPOL and 25 mM AMUPol, respectively. Similar values
were obtained for one-dimensional 15N CP experiments. Com-
pared to equivalent experiments conducted at 400 MHz, the 5

mM TOTAPOL sample hence showed an approximately four-
fold decrease in DNP enhancement at 800 MHz/ 527 GHz. We
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observed a similar reduction in enhancement when analyzing
AMUPol preparations at both 800 MHz and 400 MHz. When
comparing LT-DNP ssNMR data (figure 2.6) to AT ssNMR
experiments (figure 2.6) on [1H,13 C,15 N] KcsA, only the addi-
tion of 25 mM AMUPol resulted in a sizable increase in signal
to noise per hour by a factor of 6.9. Deuteration and 1H back
exchange for

[2H,13 C,15 N
]

KcsA further increased DNP en-
hancements from 8.3 to 13.2 (figure 2.7d) which is in line with
earlier work. [55,56]

Figure 2.7: Residue specific solvent PRE attenuation at AT (a,b) and DNP enhance-
ments (c,d) as a function of the distance to the nearest bulk water. Dashed arrows
are shown for error bars lacking upper boundaries. The boxed area in c contains
residues Tyr 45, Ala 50, Glu 51, Arg 52, Trp 87 and Tyr 78. All, but Tyr 78 are part of
the protein-lipid-water interface.

Clearly, the enhancements seen at 800 MHz are lower than
for data obtained at 400 MHz conditions. However, DNP en-
hancement factors reported in the literature [10,12–15,57,58] for
membrane proteins at 400 MHz and 100 K vary considerably
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Figure 2.8: Residue-specific LT DNP enhancements in a close up region around the
selectivity filter with (left) TOTAPOL, (middel) AMUPol and (right) AMUPol with
proton back-exchanged [U-2H,13C,15N]. Scale bar refers to relative DNP enhance-
ments ranging from 2 (green) to ≥10 (red).

in range from 8-32. These observations point to an important
influence of the details of the sample preparation upon the LT
DNP performance.

The favorable spectral resolution at 800 MHz and the ob-
served signal modulation due to PREs and motional effects
prompted us to determine residue-specific DNP enhance-
ments at 800 MHz/ 527GHz. In figure 2.7, this analysis is
presented for our

[1H,13 C,15 N
]

KcsA samples. To visualize
the effect of the distance of the AMUPol or TOTAPOL radi-
cal to the nearest position possible to the channel, we plotted
PREs obtained at AT and residue-specific DNP enhancements
against the distance to the nearest bulk water taken from the
MD simulations (Fig 2.7). As expected from the Solomon-
Bloembergen equations, [59,60] residues located closer to the
surface exhibited stronger signal attenuation. Especially at the
lower biradical concentration, residue-specific variations are
however, substantial and most likely relate to local shielding
effects by lipid-protein interactions for residues such as Tyr
45, Ala 50-Arg 52 or Trp 87 (dashed box in figure 2.7c) which
are all located at the protein-lipid interface (see figure 2.1b,
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left). Moreover, a uniform biradical distribution may only be
established a concentrations higher than 5 mM TOTAPOL.

Both effects may also explain the larger fluctuations in
residue-specific DNP enhancements (figure 2.7a,b) with max-
imum enhancements seen for Gly 77, Ile 38, Thr 75 and Pro
83 in the 5 mM TOTAPOL sample. The most dramatic differ-
ence is found for Gly 77. Both in the 5 mM TOTAPOL sample
and the

[2H,13 C,15 N
]

25 mM AMUPol sample (figure 2.8) this
residue exhibits the highest residue specific enhancement rela-
tive to the global values seen in 1D data (figure 2.7a). We note
that for the deuterated case, spectra without microwave irra-
diation suffered from limited signal to noise and an analysis
such as shown in figure 2.7 was restricted to a smaller number
of protein residues around the channel pore segment. In this
protein region, variations in DNP enhance-ments are small
compared to the PRE’s seen at AT which would be consistent
with the dominant influence of spin diffusion. [61]

Strong variations were only observed for Gly 77 that is not
only located at the center of the selectivity filter and thereby
distant from both the solvent or cavity water but is also sur-
rounded by nearby potassium ions in crystal structures (vide
infra). [33]

Residue-specific disorder before and after channel inactivation

Channel inactivation in KcsA is controlled by structural
changes at the selectivity filter that represents the inactiva-
tion gate and a large hinged motion around the inner helix
bundle (the activation gate). In addition, KcsA single-channel
recordings show kinetically complex behaviors that are com-
monly referred to as modal gating. A structural understand-
ing of such local fluctuations is still limited. [62] With our
800 MHz DNP setup, we studied the channel in the closed-
conductive (figures 2.4-2.7 and zoom in:2.9a-c) and open-
inactivated (zoom in: 2.9d-g) state to be able to compare com-
formations of the selectivity filter in both states. In the closed-
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conductive state, we analyzed 2D CC PDSD (figure 2.9c) and
NC spectra (figure 2.9b) both at AT (black) and LT-DNP (red)
conditions.

We observed that the peak of residue Thr 74 at the lower
part of the selectivity filter (indicated in red in figure 2.9a)
is broadened by a higher degree of structural heterogeneity
(see also figure 2.4) compared to residues such as Thr 75 and
Gly 77 that are located towards the center of the selectivity
filter (figure 2.9a, blue). Our results obtained on the closed-
conductive state of KcsA hence suggested that residue-specific
channel dynamics lead to local disorder under LT DNP condi-
tions.

We then compared our findings of figure 2.9a-c to the chan-
nel conformation after inactivation that can be induced by low-
ering pH and by reducing K+ concentrations below 20 mM
(figures 2.9e-g). [31,32] Spectra recorded at AT conditions are
shown in black and LT-DNP in green. In line with our earlier
studies on the closely related KcsA-Kv1.3 channel, [30,32] we
observed chemical shift changes in the selectivity filter. Com-
pared to the AT data (black, figure 2.9e-g), we now however
detected signal attenuation for Thr 75 at LT DNP conditions
(figure 2.9g, green) that was clearly visible before inactivation
(figure 2.9c), i.e., in the closed conductive state. Interestingly,
Thr 74 now is readily apparent in the open inactivated state. In
contrast to the change in dynamics at the lower part of the SF,
the upper part of the SF showed no change in dynamics. We
can conclude by the clear appearance of residue Gly 77 before
(figure 2.9b) and after inactivation (figure 2.9f) that in both
states this residue showed no disorder. Notably, that the same
residue exhibited the strongest DNP enhancements (figure 2.7
and 2.8). We note that SF residues towards the extracellular
side could not be examined due to PREs, e.g. residue Gly 79

of the SF remains attenuated (figure 2.9b and 2.1b).
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Figure 2.9: Comparison of AT (black) and LT-DNP (red/green) ssNMR before (a-c)
and after inactivation (d-g). a) and d) structures are taken from ref [31] and [33]. Chan-
nel residues that are apparent in the LT spectra are given in blue on the KcsA struc-
ture. Residues that disappear or exhibit strong line broadening at LT are indicated
in red. In d, two channel conformations (refering to an activation gate opening of 23

and 32 Angstrom, respectively), that are most compatible with the ssNMR data are
overlayed. b) and c) represent zoom-ins from figure 2.6 and figure 2.5a respectively.

In the open-inactivated state under LT DNP conditions, we
also observed peak doubling at Thr 101 (figure 2.9e, green)
which is situated at the gating hinge of the activation gate.
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Figure 2.10: Peaks doubling of residue T101: a) peak position and b) relative peak
position according to chemical shift back predictions (red) from the crystal structures.

This residue exhibits a well characterized ssNMR chemical
shift change [30,32] as a result of opening of the activation gate
(figure 2.9d). Note that these observations were insensitive to
changes to stronger acidic pH in our proteoliposomal prepara-
tions. To understand the nature of the peak doubling observed
at Thr 101, we investigated whether changes in activation
gate opening as seen in KcsA mutant crystals would lead to
chemical-shift variations in our ssNMR spectra. Crystal struc-
tures of constitutively open KcsA mutants had revealed var-
ious degrees of activation gate opening ranging from 23 to
32 Angstrom. [33] Indeed, when comparing 13Ca, Cb and 15N
chemical shift predictions for open mutants forms between 23

Angstrom and 32 Angstrom, the size and trend in chemical
shift variations were in remarkable agreement with our exper-
imental results (figure 2.10). Assuming that the ssNMR signal
intensity reports on the relative population of these opening
events, our ssNMR would be most compatible with the dom-
inant contribution of two channel conformations: one species
that only exhibits a limited opening (23 Angstrom) and a sec-
ond population that displays are fully open activation gate (32

Angstrom) in our ssNMR spectra. These results would be con-
sistent with structural fluctuations of the activation gate even
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under strongly acidic pH conditions where the activation gate
is fully open. [63]

2.4 conclusion

Dynamic Nuclear Polarization has become a powerful method
to enhance spectroscopic sensitivities in the context of NMR
and MRI. On the other hand, the availability of standard high-
field NMR instruments has greatly enhanced the possibility
to study complex (bio)molecular systems where spectral res-
olution is critical. We have shown that high field DNP signif-
icantly enhances the prospects to conduct in-depth structural
investigations of complex molecules such as membrane pro-
teins in different functional states.

We have demonstrated that these conditions can not only
enhance spectral resolution but also offer the possibility to
utilize the intrinsic paramagnetic properties of the polarizing
agents as direct structural probes. In the case of the membrane
embedded KcsA channel, our results helped to pinpoint the
water accessible pore of the channel in membranes. The most
solvent-exposed surface shell exhibits strong PREs under the
conditions used in our experiments. We suspect that similar
processes are also present in the context of material science
applications.

The comparison of DNP data to results obtained at ambient
temperatures furthermore allowed us to obtain insight into
the role of ion channel plasticity before and after inactivation.
This flexibility could be closely related to modal gating that
represents an effective regulatory mechanism by which ion
channels control the extent and time course of ionic fluxes.
Our experiments identified specific selectivity filter residues
that exhibit conformational flexibility before (Thr 74) and af-
ter inactivation (Thr 75, Thr 101). These observations under-
line that both gates are coupled [32,33] and support emerging
views [63] that small structural fluctuations of the filter back-
bone can have drastic effects on gating changes. As demon-
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strated here, the corresponding structural ensembles that re-
present different functional states become visible under high
field DNP conditions.

Compared to earlier DNP studies, that were mostly con-
ducted at 400 MHz, we find reduced overall signal enhance-
ments at 800 MHz DNP conditions. This reduction is higher
than discussed in the literature [64] but it is in line with re-
cent studies of AMUPol at lower magnetic fields. [38] As dis-
cussed before, the actual signal enhancements may also de-
pend on the details of the sample conditions. For further stud-
ies on this subject, the membrane-embedded KcsA channel
for which ssNMR resonance assignments as well as structural
data are available [29,31] may represent a valuable experimental
reference. For example, Gly 77 that is located at the center of
the selectivity filter did not show conformational flexibility in
the two functional states considered and exhibited the largest
residue-specific DNP enhancements.

In parallel, further optimizations of the instrumental details
including the use of lower temperatures [26] or of pulsed DNP
setups [65] may greatly improve DNP enhancements at high
magnetic field. Moreover, our results using AMUPol indicate
that further modifications of the polarizing agent (see, e.g.,
Ref. [66]) or of the proton density of the target molecule it-
self [55,56,66,67] may additionally enhance the potential of DNP-
supported structural biology. Note that in such studies refer-
ence data obtained using conventional NMR setups that we
here used to examine the high-field DNP performance and
the details of the PRE mechanism would not be required.
These considerations provide additional opportunities for in-
depth studies of the conformational landscape that describes
the workings of complex (bio)molecules using high field DNP
technology.
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3.1 introduction

Molecular probes that combine the benefits of enhanced spec-
troscopic sensitivity with site-specific localization have sig-
nificantly expanded the chemical repertoire to track molec-
ular structure and function in applications ranging from
cell biology [1,2] to material science. [3] In the field of mag-
netic resonance, dynamic polarization (DNP) has been show
to greatly enhance spectroscopic sensitivity in solid [4] and
solution-state [5] NMR. Usually, such studies involve the ad-
dition of soluble paramagnetic compounds to enhance NMR
signals via DNP at low temperatures (LTs). In the follow-
ing, we demonstrate that sizable DNP enhancements can be
achieved by directly labeling DNP-active molecular units to
the target molecule of interest. Previous efforts in this direc-
tion examined endogeneous radicals (flavomonucleotide [6]) or
involved attachment of a biradical (TOTAPOL [7]) C-terminally
to a decapeptide. [8] Here, we aim at a general route to
study (membrane) proteins using localized DNP. For this
purpose, we employed site-directed spin labeling using the
well-established MTSL (S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-
pyrrol-3-yl)methylmethanesulfonothio-ate) approach that pro-
vides the basis for structural studies in EPR. [9,10] In NMR,
the addition of site-specific spin labels leads to paramagnetic
relaxation effects (PREs) and pseudocontact shifts that are
known to affect spectral resolution and report on molecular
3D structure. [11]

In our studies, we investigated the membrane-embedded
bacterial potassium KcsA, which has been well characterized
by EPR [12] and solid-state NMR. [13] Since KcsA is a homote-
tramer with no natural cysteines, we examined in detail the
effect of a single cysteine mutation at two different channel
locations. We focused on the mutations V84C and G116C that
are well characterized by EPR. [12,14] Residue 84 (figure 3.1) is
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part of the turret between the selectivity filter (SF) and the
transmembrane-helix 2 (TM2), while G116 is located between
the lipid bilayer and the activation gate.

3.2 materials and methods

Proteolipsomal samples containing uniformly [13C,15 N] la-
belled KcsA G116C and V84C were prepared and tagged with
MTSSL and MTS as described before. [12,14] For DNP-based
ssNMR experiments, we washed liposomal KcsA samples 2x
with 50 μL DNP solution containing 1:2:2 (v/v/v) glycerol-d8,
D2O, and H2O. ssNMR (AT at 273 K) and LT-DNP (100 K)
experiments were conducted using 3.2 mm triple-resonance
(1H,13 C,15 N) magic-angle-spinning (MAS) probe heads at
static magnetic fields of 9.4 to 18.8 T corresponding to pro-
ton/electron resonance frequencies between 400 MHz/ 263

GHz, 700 and 800 MHz/ 527 GHz (Bruker BioSpin).

3.3 results

Using published ssNMR assignments [13,15] we firstly verified
by ssNMR experiments at 273 K that paramagnetic tagging
at increasing concentrations was site specific (figure3.2 and
3.3). Indeed, NCA spectra recorded for both preparations con-
firmed PREs (figure 3.1) in a distance range of roughly 8

Å around the mutation site in line with theoretical expecta-
tions. [11,16] Note that tagging at position 116 significantly in-
creased spectral resolution since signal contributions of large
α-helical transmembrane segments were quenched by PREs
(figure 3.3). On the other hand, the same spectrum readily con-
tained signals of the turret region and the inactivation gate
that are more distant from the radical site. Interestingly we
observed small changes for residues that establish a link to
the lipid bilayer and form a coupled network during channel
inactivation. [13]
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Figure 3.1: a) Rotamers plotted on a dimer structure of KcsA assuming a 2 site and
4 site MTSL labelling (yellow spheres) for V84C (top) and G116C (bottom) in side-
and topview. Residues exhibiting no (green) or sizable (red) PREs are indicated.

So far, the highest DNP enhancements have been obtained
using the Cross Effect (CE) that depends on the electron-
electron dipole coupling strength. [17] Taking into account the
tetrameric channel arrangement and known MTSL rotamer
properties, we modelled [18,19] the electron-electron distance
distribution for both considered positions (figure 3.4). We ob-
tained a broad distribution of inter-electron distances with an
average e- - e- distance of 25.6 Å (Pos 84) and 20.8 Å (Pos 116)
in a closed-conductive model of KcsA. The corresponding dis-
tances in DNP biradicals such as TOTAPOL or AMUPol [20]

are shorter but well within the overall distribution shown in
figure 3.4. To investigate the effect of increasing levels of para-
magnetic tagging upon spectral resolution and DNP enhance-
ment, we conducted 2D LT-DNP experiments at 400 MHz and
800 MHz conditions.

We varied the ratio of MTSL and MTS, the diamagnetic N-
acetylated spin label analogue of MTSL in the range of 25%,
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Figure 3.2: Comparison of NCA spectra of WT KcsA (black) with NMR results ob-
tained on paramagnetically labelled V84C in red at 273 K sample temperature.

Figure 3.3: Comparison of NCA spectra of WT KcsA (black) with NMR results ob-
tained on paramagnetically labelled G116C in red at 273 K sample temperature.

50%, 75 and 100% and compared our results to the high-
temperature data. In both cases, we found good agreement
in the overall correlation pattern in NCA experiments (figure
3.5,3.6). As we have investigated (see chapter 2) for soluble
biradicals, the signal loss at LT conditions can be explained
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Figure 3.4: Predicted distance distribution between MTSL radical rotamers of KcsA
V84C (a) and G116C (b) for adjacent (red) and diagonal (blue) e- positions and the
combinations of both grey. Stars depict the average distance. b) 800 MHz LT-DNP 2D
NCAs recorded at 100 K show similar patterns as at 273 K.

by the presence of local dynamics (such as in the case of
Thr 74) and an overall increase in PREs due to the longer
electron T1 relaxation time. In the case of the V84C mutant,
these effects largely quench signals of the turret and SF region
and the remaining signals can be explained by the transmem-
brane α-helical segments (figure 3.5). In contrast, DNP studies
on G116C allowed us to identify residues of the selectivity
filter (Thr 74, Thr 75, figure 3.6). Interestingly, many turret
residues of G116C, e.g., Ala 54 or Gly 56 exhibit broadening
at LT conditions which is unlikely to be induced by PREs. In-
stead, additional ssNMR experiments at higher temperatures
(manuscript in preparation) suggest the presence of turret mo-
tions that lead to structural disorder and thus signal loss for
several turret residues at LT conditions. Nevertheless, chang-
ing the position of the tag influences the overall correlation
pattern confirming signal modulation by the location of the
spin labels.
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Figure 3.5: 2D NCAs of KcsA V84C recorded at 800 MHz LT-DNP (100 K, red) and
of WT KcsA recorded at 700 MHz (273 K, black).

Figure 3.6: 2D NCAs of KcsA G116C recorded at 800 MHz LT-DNP (100 K, red) and
of WT KcsA recorded at 700 MHz (273 K, black)

When varying the radical concentration from 25 to 100 %
(figure 3.7), we observed a clear correlation between the over-
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all signal enhancement and experimental DNP build-up times
1/TDNP. Absolute enhancements shown in figure 3.7 were
obtained from set of KcsA samples that were simultaneously
solubilized, labeled and reconstituted as described in Ref. [12]

Additional experiments suggest that these values may in part
be influenced by variations in preparation procedure, for ex-
ample leading to unspecific binding of MTSL to membranes.
In line with our studies using soluble biradicals (chapter 2) we
observed a four-fold decrease when comparing DNP enhance-
ments at 400 MHz and 800 MHz.

Based on the shorter average interspin distance of G116C,
we expected a higher DNP enhancement for the G116C mu-
tant than the V84C mutant. Indeed, we observed a 2.5 times
higher signal enhancements for G116C compared to the same
MTSL loading for V84C confirming the presence of CE-DNP.
In fact, the DNP enhancements using 100 % tagging at G116C
(ε = 14.5 at 400 MHz/ 263 GHz) improve sensitivity by a fac-
tor 12 compared to conventional (AT) ssNMR and were higher
than seen in preparations using WT KcsA and TOTAPOL in
solution.
Assuming 100% labeling efficiency, we estimated a global rad-
ical concentration of 19 mM for the 100% MTSL tagged sam-
ple. A comparable 10 mM TOTAPOL concentration in solu-
tion yielded a DNP enhancement of 13 at 400 MHz for WT
KcsA. Minimizing the H2O-content in our proteoliposomal
preparations did not reduce the enhancement, indicating the
proton-driven spin diffusion via the solvent is not important
for the observed polarization enhancement. Also, initial ex-
periments using diluted KcsA samples suggest that the ob-
served enhancements are largely determined by intramolecu-
lar electron-electron interactions.

Figure 3.7 suggests that higher DNP enhancements should
be possible, for example by deuteration of the target pro-
tein. [6] Also, the use of nitroxide radicals with a longer
T1e/T2e, [20,21] including AMUPol [20] or the optimization of
the radical geometry might further increase the use of DNP by
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site-directed spin labeling. On the other hand, DNP enhance-
ments may report on overall structural changes, such as in the
case of KcsA, where structural changes related to inactivation
can lead to weaker electron-electron dipolar couplings. [12]

Figure 3.7: DNP enhancements seen in 1D NCA experiments (a, 800 MHz; a
400 MHz ) and the inverse polarization DNP build-up time RDNP ( ,800MHz;
,400MHz ) at LT for KcsA G116C. Cartoons (top) depict the dominant MTSL labeling
arrangements expected for the various amounts of labeling..

3.4 conclusions

In summary, we have demonstrated that significant DNP en-
hancements can be achieved by creating local electron clus-
ters. Unlike local NMR enhancements methods such as photo-
CIDNP, [22] these enhancements are visible outside a core shell
where PREs are active and can lead to spectral simplification
in LT-DNP ssNMR data sets. Outside this shell, we did not
observe sizable variations in DNP enhancements. These find-
ings are in excellent agreement with earlier work on complex
biomolecules suggesting that DNP enhancements induced by
local electron clusters are dictated by spin diffusion processes
and can be constant over at least tens of nanometers. [23,24]
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NMR studies using DNP by site specific labelling should
hence be readily possible for other oligomeric proteins such
as regularly observed in the case of membrane proteins or
present during the process of folding and aggregation. Fu-
ture applications could utilize other chemical routes, for ex-
ample involving unnatural amino acids [25] or the addition
of functionalized nanoparticles recently shown in the case of
MRI. [26] DNP using chemical tagging may also provide an
attractive route in cases where solubility is of critical influ-
ence or when a water soluble radical leads to undesirable
PREs at the solvent-protein interface. [16] Finally, DNP using
spin labeled components offers a means to introduce molecu-
lar specificity into DNP studies, for example by placing the
DNP agents on specific molecular components such as lig-
ands, lipids or nucleotides. Such strategies may enhance the
DNP-based investigation of large biomolecules such as ribo-
somes [27] or cellular preparations [28] for which the general use
of DNP has already been demonstrated.
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4.1 introduction

Many pharmacological properties of conventional drugs
can be improved using drug delivery systems, composed
primarily of polymers or lipids. [1] Liposomes have become
versatile delivery systems for induction of antibody and T-
lymphocyte responses to associated subunit antigens. [2] The
resulting immune response depends on the structural and
physicochemical properties of liposomal vaccines. Biophysi-
cal methods including circular dichroism (CD) or Attenuated
Total Reflectance Infrared spectroscopy (ATR-IR) have been
used to investigate liposomal vaccines or other drug delivery
systems (see, e.g., Ref. [3]). Solid-state NMR (ssNMR) allows
for the atomic study of liposomes or peptides and proteins
associated with them. [4,5] However, the requirement of high
polypeptide concentrations may not be compatible with the
formulation of liposomal vaccines.

We investigated the use of DNP-ssNMR (Dynamic Nuclear
Polarization, Ref. [6–11]) to study liposomal vaccines designed
to target Alzheimer’s disease. Previous work [3,12] has shown
that tetrapalmitoylated β-amyloid 1–15 peptide (Palm1–15)
embedded into liposomes along with monophosphoryl lipid
A (MPLA) can elicit an immune response that restores the cog-
nitive impairment of APP (Amyloid Precursor Protein) trans-
genic mice. Biophysical and one-dimensional ssNMR exper-
iments on Palm1–15 uniformly labeled with 13C/15N at Ala
2, Ser 8, and Gly 9 (Palm1–15 (ASG), figure 4.1) suggested
that the peptide adopts an extended backbone conformation
that may be influenced by the lipid environment. [3] However,
further in-depth structural ssNMR studies were precluded by
limited spectroscopic sensitivity.
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4.2 materials and methods

Liposomal Palm1-15 was prepared as described before. [3] For
the NMR measurements, 666 µl of the liposomes were spun
down (100,000 g, 1 hr) to a volume of approximately 25

µL. The pellet was washed with 50 µL of 5 mM TOTAPOL
(DyNuPol, MA) in 2:6:2 glycerol-d8/D2O/H2O. Liposomes
were pelleted for 1-3 hrs at 100,000 g, followed by the re-
moval of the supernatant. The washing procedure was re-
peated twice.

NMR experiments were performed using a 400 MHz/263

GHz DNP system (Bruker Biospin). The sample was cooled
to approximately 100 K in a 3.2 mm sapphire rotor spinning
at 8 kHz. DNP enhancements were measured by overlaying
HC CP/MAS spectra recorded with and without microwave
irradiation. (2Q/1Q) experiments were performed using the
SPC5 sequence [13] with a 1 ms double-quantum excitation
time. CGMD simulations [14] were conducted for each lipid
composition using eighteen Palm 1-15 copies over 25 μs.

4.3 results and discussion

For our DNP studies, we treated liposomes containing Palm1-
15 with DMPC/DMPG/Cholesterol/MPLA (9:1:7:0.06 molar
ratio) (figure 4.1a,c) or DMTAP/Cholesterol/MPLA (10:7:0.06)
(figure 4.1b,d) with the polarizing reagent TOTAPOL [15] and
glycerol-d8. These preparations exhibited strong signal en-
hancements in 1D CP and Additional experiments suggested
that low concentrations of TOTAPOL provide a good com-
promise between signal enhancement and paramagnetic relax-
ation enabling us to conduct two-dimensional (2Q,1Q) exper-
iments (figure 4.2,4.3). Because of the low peptide concentra-
tion ((1:200) peptide/lipid ratio), the resulting ssNMR spectra
contained signals of 13C–labeled peptide residues as well as
correlations originating from natural abundance lipids. Com-
pared to the labeled peptide, lipid signals should be attenu-
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ated by at least a factor 10,000, suggesting that the effective
lipid to peptide ratio is higher than 500:1 strongly limiting
the use of conventional ssNMR methods. [3] We could read-
ily distinguish peptide and lipid signals due to their distinct
chemical-shift pattern. For the three labeled residues (Ala 2,
Ser 8 and Gly 9) we observed two signal sets for the DM-
PC/DMPG/Chol sample (figure 4.2).

Figure 4.1: Top: Sequence of Palm1-15(ASG) with 13C/15N labelled residues
underlined and charged residues (at pH 7) coloured. 1D NMR spectra of
liposomal Palm1-15 in DMPC/DMPG/Chol (a,c) or DMTAP/Chol (b,d).
CP-MAS at 100 K are depicted in a) and b); the 1D 2QF spectra with 1 ms
excitation time in c) and d).; All samples were washed in 5 mM TOTAPOL
in (2:6:2) glycerol-d8/D2O/H2O. Signal enhancements are given relative to
the case with microwave irradiation off.
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Figure 4.2: 13C (2Q/1Q) 2D experiments on liposomal Palm1-15 (ASG). Liposomes
consisted of DMPC/DMPG/Chol.

In the DMTAP/Chol case, four sets of ssNMR correlations
could be identified (figure 4.3). As shown before [16], we sub-
sequently computed secondary chemical shifts Δδ that re-
present established parameters to infer polypeptide confor-
mation in solution and solid-state NMR. [17,18] In figure 4.4a,
Δδ were determined for Cα resonances for both lipid com-
positions. In the DMPC/DMPG/Chol case (figure 4.4a, top
graph), the more dominant correlations (denoted by ii) for
Ala 2 and Ser 8 are strongly negative. This is consistent with
an extended backbone conformation. In this arrangement, Δδ
values for Gly 9 residues are close to random coil values [19] in
line with the more dominant signals (ii) in figure 4.4a. A sec-
ond weaker population (i) exhibited secondary chemical shifts
close to random coil arrangements. In the case of the cationic
DMTAP/Chol (figure 4.4a, bottom graph), we also observed
secondary chemical shifts that were compatible with extended
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Figure 4.3: 13C (2Q/1Q) 2D experiments on liposomal Palm1-15 (ASG). Liposomes
consisted of DMTAP/Chol.

conformations (denoted by species 3 and 4). However, their
spectroscopic intensities were comparable to additional sig-
nals that exhibited small or even positive Δδ values and are
denoted as populations 1 and 2 (figure 4.3 and 4.4a). Note
that in the absence of sequential assignments, the numbering
of the populations may not correspond to the same peptide
unit.

ATR-IR experiments (figure 4.4b) confirmed the presence of
additional peptide folds in liposomal Palm1-15. Curve fitting
procedures suggest a prominent β-sheet conformation (72% in
total) in the case of DMPC/DMPG/Chol (figure 4.4b, red line)
in qualitative agreement with 60:40 intensity ratio between
populations (ii) and (i) seen in ssNMR. In line with our ear-
lier findings [3], the use of cationic DMTAP/Chol leads to a



4.3 results and discussion 79

Figure 4.4: NMR difference chemical shifts Δδ=δCα-δCα(rc) for liposomal Palm1-15

vaccine in DMPC/DMPG/Chol (a, top) and in DMTAP/Chol (a, bottom) derived
from 2Q1Q experiments; b) ATR-IR amide I band of liposomal Palm1-15 spectra in
anionic liposomes (DMPCG/DMPGC/cholChol, red) and cationic liposomes (DM-
TAP/Chol, blue).

significant reduction of β-sheet conformation and an increase
in conformations with other peptide folds (blue line, figure
4.4b).

For further investigation, we resorted to mesoscopic coarse-
grained molecular dynamics (CGMD) simulations. Peptides
in the aqueous phase partitioned at the membrane surface
within less than a microsecond. Here, extended peptide con-
formations formed in line with our ssNMR data obtained on
the free peptide that suggest the β-strand formation is more
pronounced at the membrane compared to the free case. We
observed spontaneous aggregation of peptides into β-sheet-
like aggregates in both lipid mixtures. Further analysis of the
surface-bound peptides revealed significantly broader density
profiles of the peptide backbone in DMTAP/Chol in compari-
son to DMPC/DMPG/Chol (figure 4.5a,b).
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Figure 4.5: Density profile of the peptide backbone in a) a 9:1:7 DMPC/DMPG/Chol
and b) a 10:7 DMTAP/cholesterol mixture. Continuous and dashed lines stand for
peptide and membrane profiles, respectively. c) Example of an ordered hexameric β-
sheet of Palm 1-15 in DMPC/DMPG/Chol after 25 μs of simulation. DMPC/DMPG
lipids and cholesterol are colored in light and dark red, respectively. Palmitoyl an-
chors and peptide backbones are given as gray and green beads, respectively. d)
While negatively charged side chains such as Asp 7 predominately orient along the
bilayer normal in DMPC/DMPG/Chol (red), side chains in DMTAP/Chol orient al-
most parallel to the surface (blue). Dihedral angles were averaged over all peptides
and 25 μs of simulation.

In DMPC/DMPG/Chol, peptide backbones can approach
each other with limited steric or electrostatic hindrance (figure
4.5c), because negatively charged side chains predominately
orient orthogonal to the membrane surface (figure 4.5d). In
cationic DMTAP lipids, anionic side chains orient almost par-
allel to the bilayer surface, suggesting that membrane charge
modulates peptide aggregation behaviour. [3] Note that an-
other modulator of peptide aggregation may be the reduced
thickness and head group size of DMTAP lipids, which led to
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a slight positive curvature of the peptide-containing leaflet in
the simulations.

4.4 conclusion

Taken together our results show that DNP-enhanced bio-
ssNMR provides a powerful method to structurally study
surface-associated biomolecules at low molecular concentra-
tions. In the case of Palm1-15, our studies indicate that the ac-
tive vaccine contains antigen moieties for which β-strands are,
at least in part, triggered by peptide-peptide interactions that
subsequently associate from dimers to larger oligomers to the
membrane. Our work suggests that larger β-sheets only form
in the DMPC/DMPG/Chol case and that additional confor-
mations which are particularly relevant for the DMTAP case
may reduce in vivo target specificity. These findings open the
way for rational structure-based design of liposome-bound
peptide immunogens with defined conformations to generate
optimized vaccines against a range of protein misfolding dis-
eases. Future studies may involve cellular settings in which
DNP-ssNMR studies have been demonstrated. [20,21] Moreover,
DNP-supported ssNMR studies may help to elucidate the role
of lipid surfaces for protein aggregation, toxicity and pore for-
mation in general or the aid the study of Amyloid folding
intermediates.
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5.1 introduction

Biosilica formed by diatoms is a particularly interesting sil-
ica/organic hybrid material. The cell walls of these unicel-
lular algae consist of amorphous biosilica with a species-
specific micro- and nano-patterning and contain a certain
amount of organic molecules (typically 1 – 15 wt. %).
Some of these biomolecules are assumed to be involved
in the structure formation process. Extended research in-
terest is therefore focused on the isolation and analysis of
biosilica-associated or embedded biomolecules. Long-chain
polyamines (LCPAs), [1,2] special peptide classes such as the
silaffins, [3,4] the silacidins, [5] and cingulins [6] have been iden-
tified. Polysaccharides were also observed and may take part
in valve formation of several diatom species. [7–11]

Solid-state NMR (ssNMR) spectroscopy is a well-
established and powerful method for the characterization of
various types of materials as well as complex biomolecules.
It is also increasingly used to understand the structure of
organic/ inorganic hybrid materials such as biominerals. [12,13]

Special interest is devoted to the characterization of surface
functionalities and the organic/ inorganic interfaces. The
small concentration of surface/ interface species in com-
bination with the low natural abundance of NMR active
nuclei, strongly limit the achievable spectroscopic signal per
unit time. Multidimensional ssNMR experiments are hence
impractical and call for the use of DNP, that, as described
in the previous chapters, strongly enhances the sensitivity
of ssNMR spectroscopy. During the past decade, this tech-
nique has developed into an increasingly used method with
applications in high-magnetic fields. [14,15] The combination of
ssNMR with DNP offers the possibility to selectively enhance
the surface species in hybrid materials like functionalized
silica [16,17] or alumina. [18] The materials are wetted in a
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suitable solvent containing a DNP polarizing agent such
as TOTAPOL [19] by incipient wetness impregnation. The
resulting sample allows for polarization transfer from the
highly polarized electron spins to nearby 1H nuclei of the
solvent and, subsequently, via CP-MAS to 13C, 15N or 29Si
nuclei of the organic functional groups at the surface. [16–18,20]

Figure 5.1: Biosilica as silica/ organic hybrid material. Left panel: bright field micro-
scopic image of Stephanopyxis turris (living cell). Right panel: SEM image of biosilica
of S. turris treated with SDS/EDTA.

In this chapter, we propose a model for the location of
biomolecules associated with diatom biosilica based on the
application of dynamic nuclear polarization (DNP).

5.2 materials and methods

Diatom cultivation, harvesting and isolation of biosilica

Stephanopyxis turris has been isolated from the North Sea in
June 2004. Cultivation was performed in a 20 L polycarbonate
vessel (Nalgene) with artificial seawater (ASW) medium pre-
pared according to the protocol of the North East Pacific Cul-
ture Collection. [21] After adding 50 mL of a pre-culture to 20 L
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of sterile filtered (0.2 lm, Kleenpak) ASW medium, growing S.
turris takes about 3 to 4 weeks. A RUMED 1301 light thermo-
stat (18 °C, 12 h/12 h day/night cycle, ca. 1000 lux) was used
to provide constant growing conditions. We determined the
silicic acid concentration of the medium via the molybdenum
blue method [22–24] to control the growing state. In the end sta-
dium (concentration of silicic acid < 20 µM) the rising pH was
adjusted to 8.0–8.2 with 2.5 M HCl. As soon as the silicic acid
concentration reached zero values, the cells were harvested by
consecutive filtration of the culture medium with a 11 μm ny-
lon mesh (Stockhausen Sieb- und Filtererzeugnisse) and sub-
sequent centrifugation (1000 RCF). The resulting pellets were
frozen with liquid nitrogen and stored at -20 °C.

For 13C, and 15N-labeling the protocol was modified by us-
ing either NaH13CO3 (Chemotrade Leipzig, 99 atom-% 13C)
or Na15NO3 (Campro Scientific Berlin, 98 atom-% 15N). For
29Si-labeling the protocol was adapted by using Na2

29SiO3

which was synthesized from isotope labelled SiO2 and
Na2CO3 in a solid state reaction. [25]

Subsequently, we performed the cell wall extraction follow-
ing the protocol described by Kröger et al. [26] based on treat-
ment with a buffer containing EDTA (0.1 M) and SDS (2 %)
at pH 8 in order to remove physically bound organic mate-
rial from the cell walls. Typically, cells were suspended in 20

mL buffer solution and heated to 95 °C for 10 minutes. This
treatment was repeated three times. Finally, the biosilica was
washed at least three times with Milli-Q water. In all steps
the biosilica was separated from the supernatants via centrifu-
gation (Heraeus biofuge primo, swinging bucket rotor, 1000

RCF). After extraction, the samples were freeze dried.

NMR Sample Preparation via incipient wetness

3.2 mm sapphire rotors were filled with biosilica (ca. 10 mg
of wet material), wetted just prior to loading the rotor in the
NMR spectrometer. Wetting of the biosilica was carried out
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using the method of incipient wetness impregnation with the
radical solution at room temperature. The radical stock so-
lution was prepared by dissolving TOTAPOL or AMUPol in
D2O/H2O 90:10 resulting in a concentration of 10 mM. The
solution was stored at -20°C. About 8-9 mg of biosilica was
wetted with 33 µl liquid containing the biradical solution and
an additional D2O/H2O mixture (90:10) giving final concen-
trations of 10 µM and 25 µM TOTAPOL. The sample was then
immediately transferred to the NMR probe which was cooled
to 100 K.

DNP measurements

DNP experiments were conducted using a triple-resonance
(1H,13 C,15 N) magic-angle-spinning (MAS) probe head at a
static magnetic field of 9.4 T corresponding to proton/elec-
tron resonance frequencies of 400 MHz/ 263 GHz (Bruker
BioSpin) [15]. Data were recorded at 100 K employing a MAS
rate of 8 kHz. Pulse schemes reflected standard homonuclear
proton-driven spin diffusion (PDSD) and double-quantum fil-
tered (13C,13 C) using SPC5 recoupling [27]. NC correlation ex-
periments typically utilized SPECIFIC-CP transfer. [28]

5.3 results

After extraction from the cells, biosilica (figure 5.1) consists of
bulk amorphous silica and the aforementioned strongly silica-
associated biomolecules. These molecules are either deeply
embedded in the silica or tightly attached to the surface of
the siliceous cell walls. DNP ssNMR offers the possibility to
selectively enhance organic material located near the surface.
In order to accomplish this goal, we have cultivated the di-
atom species Stephanopyxis turris with triple-labelling (13C,
15N and 29Si). The isotope-labelled diatom biosilica was ex-
tracted by treatment with SDS/EDTA [26] (about 15 wt.-% of
the organic material is left). [12]

1D experiments (direct exci-
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tation and CP-MAS) for 13C, 15N and 29Si were performed
to monitor the presence of organic material and determine
the DNP enhancement factors (table 5.1). The 1H −13 C CP-
MAS ssNMR spectrum of S. turris biosilica (see figure 5.2a)
represents a superposition of signals stemming from different
organic macromolecules (peptides, polyamines and polysac-
charides). [10,12] Compared to the CP data, the 13C spectrum
after direct excitation (figure 5.2b) contains prominent sig-
nals around 76 (C2-C6) and 101 ppm (C1 position) indicat-
ing the dominant influence of polysaccharides. Deviations be-
tween the ssNMR spectra obtained using CP or direct exci-
tation schemes are also detected in the case of 15N nuclei.
The 1H −15 N CP-MAS ssNMR spectrum (figure 5.2c) shows
two signal regions corresponding to frequencies typically ob-
served of peptide backbone nitrogens (120 ppm) and expected
for long-chain polyamines as well as lysine-side chains around
45 ppm. Note that in the directly excited 15N spectrum (figure
5.2d), NMR signals stemming from peptide backbone amides
are dominant.

Table 5.1: Enhancement factors (ε) for biosilica extracted with SDS/EDTA from direct
excitation(π/2) and cross polarization (CP-MAS, via 1 H) experiments

(π/2) CP-MAS species δ (ppm)

13C

7.5 4.4 C=O 178

6-8 - C=C 132

1-2 - C1sugars 103

2.5 3.5 CO/CN 75

8 - CO-CN 54

14-15 - alkyl 32

15N 20 7 peptide 120

- 2-3 amine 45

29Si 2 1.6 Q3/Q4 -100/-110
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Figure 5.2: LT (low temperature) spectra of S. turris biosilica with 10 mM TOTAPOL
measured at 400 MHz with microwaves (black) or without (grey). a) 1 H −13 C CP-
MAS, ε = 3.5-4.4. b) 13C direct excitation, ε = 1-15. c) 1 H −15 N CP-MAS, ε = 2-7 d)15 N
direct excitation, ε = 20.

In general, we observed that DNP enhancement factors for
13C and 15N located at the organic material are 2 to 10 times
larger than for 29Si (see Table 5.1). Remarkably, a selective
enhancement for individual signals can be observed in both
direct excitation spectra (figure 5.2b,d). In particular, NMR
signals stemming from peptide backbones or sidechains are
most strongly enhanced by DNP both in the 13C and the 15N
spectra.

To obtain more enhancement for the application of 2D
ssNMR spectroscopy, a second (13C, 15N , 29Si) labeled bio-
silica sample was prepared for measurements using 10 mM
AMUPol [29] as a radical. 1D experiments (direct excitation
and CP-MAS) were performed to monitor the new DNP en-
hancement factors. These measurements showed similar varia-
tions between the different species and overall higher enhance-
ments (factor ~4) compared to the results previously obtained
for biosilica wetted with TOTAPOL.
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Subsections of a 15N −13 C correlation spectrum obtained
with this preparation are shown in figure 5.3. Strong amine
signals can be found in the 30-50 ppm region (figure 5.3a). The
chemical shifts coincide with a structure proposed by Sumper
et al. [2] which includes an alkyl (13C, 24 ppm) and a primary
amine with a distinct 15N chemical shift (33 ppm) from the
other (tertiary) amines (~45 ppm).

Figure 5.3: 2D 13C-15 N correlation experiment using AMUPol measured at 400 MHz
DNP LT conditions. a) Polyamine region with the polyamine structure found by
Sumper et al. [2] b) Peptide region with chemical shift predictions [30] for different
secondary structures. Boxes indicate the standard deviation of the predictions.

In the peptide backbone (N-CA) region of the 15N −13 C cor-
relation spectrum (figure 5.3b), various signals are detected.
Silaffins [3,4,31,32] represent in most diatoms the main fraction
of peptides associated with diatom biosilica. All silaffins are
rich in serine and lysine and are highly post-translationally
modified. Sequencing analysis of cingulins [6] showed silaffin-
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like regions (KXXK domains, X = S or G) which alternate with
tryptophan- and/or tyrosine-rich segments. A variety of dif-
ferent and intense 13C signals overlap in the region of 50-62

ppm and can be assigned to serine, lysine as well as a variety
of other amino acids. Individual and characteristic signals can
be observed for the Cα of proline (62 ppm), arginine (43 ppm
– 85 ppm (15N), not shown) and glycine (43.5 and 45 ppm).
To gain further information we overlayed chemical shift pre-
dictions for different secondary structures. The most intense
signals can be well explained using a KSWYGNA sequence.
This is in good agreement with sequencing results obtained
for all silaffins studied so far. [6] Additionally, signals stem-
ming from serine Cβ (66 ppm) and proline Cα (62 ppm) in the
15N −13 C correlation spectrum are consistent with the pres-
ence of β-strand conformations. In line with this notion, two
signals are present in the glycine region corresponding to β-
sheet/random coil folds (45 ppm) and polypeptide segments
in pronounced β-strand extended conformations (43.5 ppm).
Notably, the spectral resolution of the NCA experiment is still
limiting and preliminary 15N-edited (13C,13 C) 2D experiments
have been conducted to alleviate these problems. We note that
the 13C correlations around 66pm could also be explained by
α-helical Thr Cα correlations, albeit with less agreement to the
experimentally observed 15N chemical shifts.

Nevertheless, we can already conclude that peptides, when
associated with the biosilica, adopt, on the level of secondary
structure, mostly random coil and β-strand folds. This obser-
vation is in line with in vitro experiments using recombinant
silaffin proteins, rSilC, at liquid–solid and air–solid interfaces.
These polypeptides showed a partial transition from random
coil into β-sheet state upon removal of water. [33,34] Clearly,
additional DNP experiments should be conducted to further
refine the structural properties of the polypeptides species
present in our samples. To this end, preliminary 2D experi-
ments were conducted using the 800 MHz DNP setup which
suggest that spectral resolution may be favourable at higher
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magnetic field, albeit at lower overall DNP enhancements (see
chapter 2).

In conclusion, the results presented above for the first time
provide in-situ insight into the secondary structure elements
of the peptides associated with the intact biosilica.

Interestingly, we observed weaker direct 13C and 15N DNP
enhancements (see table 5.1) for polysaccharides (13C shifts
around 103 ppm) and polyamines (15N shifts around 45 ppm).
In principle two reasons can be considered for this lower en-
hancement: Firstly, the molecules may be located inside the
diffusion barrier (see chapter 1) and their signal is therefore
quenched by paramagnetic effects due to nearby DNP birad-
icals. The size of this diffusion barrier has been estimated
to be in the range of 3-17 Å. [35–40] Secondly, nuclear (1H or
15N) spin diffusion is inefficient to transfer polarization to
these molecules from the DNP agents, i.e., they are embedded
deep within the silica matrix. Indeed, long-chain polyamines
are known to mediate the silica precipitation in diatoms and
are therefore supposed to be in close association with the
amorphous silica material. [1,2,41,42] Their precise location is un-
known. Remarkably, the signal corresponding to polyamines
cannot be observed in the directly excited 15N spectra without
and with DNP (figure 5.2d). The polyamine signal is hardly
seen even in the 1H −15 N CP-MAS spectrum measured with-
out DNP (figure 5.2c, grey). This suggests the polyamines re-
present a minor fraction of the organic material associated
with the biosilica. We speculate that the polyamines occupy
a location shielded from the radicals, far enough to not be
directly polarized, but connected to the surface through a hy-
drogen dipolar coupled network delivering polarization from
this surface. Polyamines are thus relatively close to the surface
and not surrounded by silica only. Although the enhancement
is lower than the one measured on the proteins, the relative in-
tensity gain with DNP is higher for the polyamines. This can
be explained by quenching of the protein signal by paramag-
netic relaxation due to its closer proximity to the radicals.
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Figure 5.4: 2Q1Q spectrum of S. turris biosilica with TOTAPOL measured at 400

MHz DNP LT conditions using 2.5 ms excitation-reconversion time.

In diatoms, saccharides mainly occur in the form of extra-
cellular polymeric substances (EPS) [7,9–11,43,44] which are re-
moved by treatment with SDS/EDTA. [26] The remaining sac-
charides are strongly associated with the biosilica surface or
could be attached to silica-bound peptides. It has been shown
that TOTAPOL has an affinity for saccharides like glucose. [45]

For these reasons we assume that the polysaccharides could
be quenched by the radicals when located at the surface.

In addition to 15N,13 C correlation experiments, we per-
formed (13C,13 C) double quantum – single quantum - exper-
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Figure 5.5: 1D PDSD spectrum of S. turris biosilica with AMUPol measured at 400

MHz DNP LT conditions using 20 ms mixing.

iments (2Q,1Q data shown in figure 5.4) and proton-driven
spin diffusion experiments (PDSD, depicted in figure 5.5) to
obtain 13C −13 C correlations. These 1H −13 C CP-based spec-
tra are dominated by signals stemming from polysaccharides.
In (2Q,1Q) data and PDSD experiments at short mixing times
(20 ms), correlations between C1 and C2 and the carbonyl po-
sition of three different species a-c were observed. Note, that
these three different correlations may represent the most abun-
dant and, at the same time, resolved correlations among a va-
riety of different sugars in these biological environments. [11]

This leads us to the conclusion that the carbonyls are located
close to the saccharide rings. GC-MS analysis [11] of the hy-
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Figure 5.6: 1D NCC spectrum of S. turris biosilica with AMUPol measured at 400

MHz DNP LT conditions using 30 ms z-mixing.

drolysed polysaccharides of SDS/EDTA treated biosilica of S.
turris revealed mannose and mannose-6-phosphate as a main
fraction and glucosamine and glucuronic acid as carbonyl
bearing. Taking these results into account, the 2D DNP data in-
dicate the presence of either an enrichment in glucuronic acid
or N-acetylglucosamine. The absence of a methyl-carbonyl
correlation in the PDSD and 2Q1Q spectrum suggests that
N-acetylglucosamine is not the main saccharide component.

In principle, the carbonyl bearing compound could be
linked via the C1 oxygen atom or via nitrogen to an amino
acid side-chain of a peptide. To study this, we compared data
from the 2D 15N −13 C correlation experiment (figure 5.3) with
a 1D 15N edited 13C experiment in which after the N-C trans-
fer a proton-driven mixing of 30 ms was used (figure 5.6).
For N-linked sugars, a signal corresponding to the C1 posi-
tion should occur in the 15N −13 C correlation spectrum and
a signal corresponding to the C2 position in the 1D NCC.
Since there are no correlations with the C1/C2 position of
the polysaccharides, we can conclude that N-linked sugars
are not present at high concentration. Furthermore, a signif-
icant amount of N-acetylglucosamine can be excluded as well.
Therefore, we can conclude that the main carbonyl bearing
component is an oxygen-linked glucuronic acid. The data do
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not reveal whether the glucuronic acid is linked to a peptide
or a polysaccharide like mannan, which was suggested previ-
ously. [7,9–11,43,44]

Figure 5.7: Proposed model regarding the location of organic material of S. turris
biosilica. The polyamines, a small fraction of the nitrogenous compounds present,
are protected from paramagnetic quenching due to protrusion into the silica or be-
cause of the presence of the protein layer. Protonated peptide groups also establish a
dipolar network that supports polarization transfer via DNP transfer to polyamines.
Saccharides are either linked to the proteins or other saccharides and are the predom-
inant carbonaceous compound in the biosilica. The saccharides show cross peaks
with carbonyl groups. Biradicals are either located in solvent or situated close to the
surface in a saccharide environment (violet).

5.4 conclusions

In summary, we have demonstrated the application of DNP
ssNMR to investigate diatom biosilica. Enhancement factors
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could be measured for various nuclei in direct excitation and
CP-MAS. Peptide signals were strongly enhanced whereas
polysaccharides and polyamines exhibit weaker DNP en-
hancements. Most likely, the peptides are situated on the bio-
silica surface thus shielding the polyamines (figure 7). We
anticipate that NMR signals of polysaccharides are partially
quenched by the DNP radicals. In addition to their location,
we could also for the first time obtain direct insight into
the backbone fold of peptides associated with diatom bio-
silica. Our preliminary analysis suggests a mixture of ran-
dom coil and β-conformations that may help to establish
compactness as well as intermolecular network formation. In
addition, we could confirm the polyamine structure deter-
mined by Sumper et al. [2] The prominent signals can be as-
signed to the N-methyl-propyleneimine repetitive unit in the
LCPAs. 2D 13C −13 C correlations (2Q1Q, PDSD) and a 1D
NCC showed an oxygen-linked saccharide as a main fraction
of the polysaccharide material. N-linked saccharides as well
as N-acetylglucosamine could be excluded.
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6.1 conclusions

While DNP has a history that goes back 60 years, high-field
DNP is a young and rapidly developing field. Applications
of DNP on proteins have been published from 1997

[1] on, but
stayed of limited use until a few years ago. The possibilities
have not been fully explored. Two applications in the field of
medicine and biomaterials have been presented in this the-
sis. Further, methodological developments using spin labels
covalently attached to proteins are described. The thesis also
contains the first data recorded at 800 MHz / 527 GHz system,
its performance in terms of enhancement and resolution, and
new insight in the structure of the membrane protein KcsA.

DNP as a valuable tool for detecting dynamics in membrane proteins

The bacterial K+ channel KcsA has been investigated with
the newly available 800 MHz/ 527 GHz DNP system. Com-
parison with 400 MHz / 263 GHz spectra, revealed a small
line width improvement. Transverse paramagnetic relaxation
only played a role for residues close to the protein surface.
Residues more deeply buried in the membrane showed only
minor or no PRE contribution to the line width. Comparison
of line width and shape using MD simulations indicated that
the majority of the line width increase can be explained by
conformational heterogeneity of the residues in question. The
freezing out of motion causes all conformations to be present
in the spectra leading to major line broadening and therefore
intensity loss. This is nicely demonstrated with residues T74

and T75 which were visible or broadened out in the spectra
depending on the state in the gating cycle of KcsA.
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Spin labeling of biomolecules provides a radical source for DNP and
selective quenching of unwanted signals

Quenching of the protein surface due to paramagnetic relax-
ation is not always prefered. By using site-directed labeling
techniques, the location of the transverse paramagnetic relax-
ation can be controlled. Due to the tetrameric nature of the
protein KcsA, the MTS spin labeling of a single cysteine mu-
tation lead to four radicals close enough to facilitate the CE.
We found a sizeable DNP enhancement for the KcsA mutant
G116C (14.2 at 400 MHz) and were able to modulate the sig-
nals in the spectra by choosing a different labeling site of the
protein KcsA.

Structure information from low-concentrated liposomal vaccine ac-
quired with DNP

The liposomal Alzheimer’s vaccine Palm1-15 contains the N-
terminal part of the protein Aβ. The peptide is retained on
the lipid surface by palmitoyl anchors on both sides. Three
amino acids were 15N13C labeled. Secondary chemical shifts
extracted from 2D 2Q1Q correlations revealed more than
one conformation for the peptide. The lipid composition of
the liposome changed the chemical shift of the amino acids.
MD simulations suggest more β-sheet-like oligomer forma-
tion of the peptide in the case of the lipid formulation DM-
PC/DMPG/Cholesterol compared to DMTAP/Cholesterol.

DNP reveals location and structure information of proteins in di-
atom frustule

Biominerals extracted from the marine unicellular eukaryote
Stephanopyxis turris were investigated using DNP. Proteins pro-
tected from the SDS/EDTA treatment by the silica cell wall,
were found. Also, resonances from polyamines were present
in the NC-correlation spectra. No signs of protein-sugar links
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were found. The secondary structure information extracted
from the NMR data suggests that at least a fraction of pep-
tides adopt a β-sheet conformation.

6.2 perspectives

The 800 MHz/ 527 GHz DNP data presented here are encour-
aging for the continuation of the development of high-field
DNP. Yet some difficulties have to be overcome in order to
make this a mature technique. One major hurdle is the poor
performance of currently employed biradicals at such high
field. The major reason for this is that, at increasing field, a
smaller part of the EPR-line is irradiated. Better performing
radicals may have to be developed from narrow-line radicals,
as has been suggested by Thurber et al. [2] Another way to
tackle the problem is to use field or frequency modulation
in order to irradiate a larger part of the EPR lineshape. An-
other major problem is the signal quenching due to transverse
paramagnetic relaxation enhancement. This problem can be
circumvented by using low radical concentrations. This par-
ticular strategy has also been applied several times in this
thesis. The drawback is the drop in enhancement compared
to higher concentrations of radical. Another solution to this
problem has been presented in this thesis: selective labeling
of biomolecules with radicals. Considering the efficient trans-
port of polarization in the µm range, [3] spin labeling of a ma-
trix instead of the protein of interest could be a way to shield
the parts of interest of the protein from quenching.

Another hurdle is the decrease in spectral resolution. Since
this is mostly caused by lack of motion, one way to improve
the resolution would be the development of DNP above the
glass transition of proteins. The performance of the CE and SE
are closely tied to the level of saturation reached by the radi-
cals. Therefore, either radicals with longer relaxation times or
stronger microwave sources should be developed for this pur-
pose. AMUPol already provides a significant improvement
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over TOTAPOL in terms of performance at higher tempera-
tures. In fact, with the design of AMUPol, it has been shown
that purposeful design of radicals towards more favorable re-
laxation properties can greatly improve the performance of
the said radical in DNP.

Most studies so far have focused on method development
using model systems and only a handful present new insights
into the structure or function of relevant biological systems.
Two problems, unfeasible with conventional NMR techniques,
have been presented in this thesis that prove the advantage
of DNP hopefully contributing to the general use of the tech-
nique for the structural biology field. It also opens up the pos-
sibility to perform multi-dimensional NMR experiments on
non-labeled samples. [4] This greatly increases the applicability
of NMR, in for example drug development. While in general,
the additional information in the form of more/broader peaks
due to conformational heterogeneity, makes the spectra more
complex, DNP could still become useful for bigger biologi-
cal systems. On way to apply DNP to large systems is to use
selective (nuclear) labeling techniques and/or paramagnetic
quenching of unwanted areas. Another possible route is the
manipulation of the 1H concentration that could be employed
to manipulate the localization of the DNP effect through the
reduction of the speed of proton driven spin diffusion.
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S A M E N VAT T I N G

Kernspinresonantie is een techniek die zeer precies de chemi-
sche structuur van moleculen kan detecteren. Dit gebeurt door
de moleculen in een magnetisch veld te plaatsen waardoor
de energiestaten van de kernspin (een kwantummechanische
eigenschap) worden opgesplitst in een hogere en een lagere
energie. Uit de Boltzmann-verdeling volgt dan dat er een po-
pulatieverschil ontstaat tussen de beide kernspinstaten (pola-
risatie). Er is dus een grotere kans dat een kernspin zich in
de toestand met de lagere energie bevindt. Door middel van
radiogolven worden de populaties van de energiestaten ge-
manipuleerd, kan polarisatie worden overgedragen naar een
naburig atoom en uiteindelijk wordt een elektrisch signaal
opgewekt (resonantie) dat vervolgens gedetecteerd kan wor-
den met een gevoelig electronisch circuit. De techniek is in
het verleden nuttig gebleken op vele vakgebieden, inclusief
structuurbiologie. De belangrijkste tekortkoming is echter de
gevoeligheid die beperkt wordt door het relatief kleine ener-
gieverschil van de spinstaten. Daardoor is het een vereiste dat
de moleculen hooggeconcentreerd zijn. In het geval van de be-
studering van eiwitten, betekent het dat deze in relatief grote
hoeveelheden moeten worden geproduceerd en gezuiverd.

Dynamische kernspinpolarisatie is een techniek die de ge-
voeligheid van kernspinresonantie drastisch kan verbeteren.
Vergeleken met atoomkernen hebben ongepaarde elektronen
een groter energieverschil tussen de twee spinstaten. Door
middel van overdracht van de veel grotere polarisatie van
ongepaarde elektronen (zogenaamde radicalen) naar de kern-
spins, kan theoretisch de gevoeligheid van kernspinresonantie
worden verbeterd met drie ordegroottes. De techniek werkt
slechts op zeer lage temperaturen. Een vereiste is daardoor
dat moleculen die gevoelig zijn voor bevriezing beschermd
worden tegen ijskristallen. Vaak wordt dit gedaan door mid-



112

del van de toevoeging van glycerol. In dit proefschrift zijn
enkele toepassingen van dynamische kernspinpolarisatie op
het gebied van structuurbiologie beschreven.

In hoofdstuk 2 worden de bevindingen beschreven die met
de hoog-veld 18.8 T dynamische kernspinpolarisatiespectro-
meter zijn verkregen van het bacteriële kaliumkanaal KcsA.
De invloed van het toegevoegde radicaal op de eigenschappen
van het ionenkanaal wordt gemeld. De oorzaken van spec-
trale lijnverbreding worden besproken en de aanwezigheid
van verschillen hierin binnen het eiwit. De verbetering van
de lijnbreedte ten opzichte van het 9.4 T systeem wordt be-
licht. Lokale dynamiek blijkt een zeer grote invloed te hebben
op de lijnbreedte en daarmee laten we zien dat dynamische
kernspinresonantie een waardevolle techniek is om deze dy-
namiek te bestuderen. In aansluiting daarop worden in hoofd-
stuk 3 de experimenten beschreven waar een radicaal aan het
eiwit gehecht is door middel van een zwavelbrug. We laten
voor het eerst zien dat dit ook tot dynamische kernspinpolari-
satie leidt. Deze studie biedt perspectieven op het gebied van
methodologische verbeteringen van de techniek.

De structuur van het laaggeconcentreerde kleine eiwit (pep-
tide) in Palm1-15, een liposomaal vaccin tegen Alzheimer, kon
worden bestudeerd met behulp van dynamische kernspinpo-
larisatie en computationele technieken. Verschillende confor-
maties van het peptide konden worden gedetecteerd. De ver-
houdingen tussen deze conformaties zijn afhankelijk van het
soort lipiden in het vaccin.

Diatomen, een stam van (vaak eencellige) dierlijke algen,
hebben behalve een celmembraan ook een skelet van kiezel.
Dit exoskelet wordt opgebouwd door middel van ingevangen
kiezelzuur. Er is weinig bekend over de verantwoordelijke ei-
witten. Met behulp van dynamische kernspinpolarisatie kon-
den deze (spaarzame) eiwitten in het exoskelet worden bestu-
deerd.

In samenvatting: dynamische kernspinpolarisatie draagt bij
tot het vergroten van het toepassingsgebied van kernspinre-
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sonantie. Door deze techniek kon de eiwitstructuur van het
liposomale vaccin Palm1-15 worden bestudeerd, die slechts
in lage concentratie aanwezig is. Ook kon voor het eerst de
structuur van de eiwitten in de mantel van diatomen bestu-
deerd worden. Met het ionenkanaal KcsA werd bewezen dat
spinlabeling van het eiwit kan leiden tot grotere signaalver-
hogingen dan met een oplosbaar radicaal. Voor KcsA werd
bepaald dat gebruik van een 800 MHz spectrometer in plaats
van een 400 MHz spectrometer een kleine verbetering geeft
in de lijnbreedte van een gedeelte van de signalen. Ook is de
nabijheid van radicalen een factor. De lijnverbreding is echter
voornamelijk afhankelijk van de heterogeniteit van de eiwit-
conformatie. Dit leidt tot een nieuwe methode om de lokale
dynamiek in een eiwit detecteren.
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