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ABSTRACT OF THE DISSERTATION

Method Development for Enhancing Sensitivity of Dynamic Nuclear Polarization Nuclear
Magnetic Resonance Spectroscopy for Structural Studies of PKC-Drug Interactions
by
Patrick Terrence Judge
Doctor of Philosophy in Biochemistry, Biophysics, & Structural Biology
Washington University in St. Louis, 2021
Paul Schlesinger, Chair

To perform the most relevant structural studies on biological systems, experiments need to be
carried out when the target proteins are in their endogenous cellular environment. Nuclear
magnetic resonance (NMR) is well-suited to probe the structure and dynamics of a wide variety
of systems, including biologically relevant proteins. However, NMR suffers from an inherent
lack of sensitivity. Dynamic nuclear polarization (DNP) NMR is a powerful technique that is
used to enhance NMR sensitivity by transferring the greater polarization of exogenously doped
electron spins to nuclear spins of interest though the use of a high-power microwave source.
Solid effect radicals offer the advantage of being able to be decoupled from nuclear spins with
current frequency-agility technology with a technique known as electron decoupling,
improving the sensitivity and resolution of DNP NMR. Similarly, frequency-chirped
microwaves over the polarization period are shown to enhance the sensitivity of cross effect
radicals beyond that which is achievable with conventional continuous wave DNP. Both of
these new techniques are shown to be applicable in biologically relevant environments such as
intact human cells and cellular lysates. Improving even further upon these sensitivity
enhancements will advance the experimental studies of protein kinase c-δ (PKC-δ). Molecular
dynamics simulations of the C1b regulatory domain of PKC-δ complexed with various

xi

modulators suggest protein-cholesterol interactions play an important role in differentiating the
effect of two PKC modulators: phorbol 13-acetate and bryostatin-1. With improved DNP NMR
sensitivity, these preliminary in silico results can be tested in vivo.

xii

Chapter 1: Introduction
1.1 Nuclear Magnetic Resonance
Nuclear magnetic resonance (NMR) is a widely used technique with applications to the study of
molecular structure and dynamics in many fields, including pharmacology, materials, and
biology1–4. NMR relies on the manipulation and detection of nuclear spins as they interact with
each other and with external magnetic fields. The external magnetic field imposes a net spin
polarization, and applied magnetic fields with radio-frequency irradiation can manipulate the spins
further2,5. Interactions of the nuclei with their chemical environment will influence how they
respond to the applied RF irradiation, and thus provide information about the system.

1.2 Solid State Nuclear Magnetic Resonance
1.2.1 Magic Angle Spinning
Solution NMR utilizes natural molecular tumbling to average out anisotropic interactions between
atoms to produce narrow resonances. However, samples in the solid state do not have molecular
tumbling to the extent of solution samples, and thus the anisotropic interactions lead to broad
resonances. To average out these anisotropic interactions in the solid state, magic angle spinning
(MAS) is employed. For this technique, the samples are spun rapidly at the “magic angle” of 54.74°
relative to the external magnetic field. This “magic” number is used because anisotropic terms an
angular dependence proportional to (1-3cos2θ), where θ is the angle between the rotor axis and the
external magnetic field. When θ = 54.74°, this term becomes 0 and thus the anisotropic terms are
averaged out6,7. The higher the spinning frequency, the narrower the resonances become8–10. While
MAS does help to improve spectral resolution, NMR still suffers from a distinct lack of
sensitivity11–15.

1

1.2.2 Equilibrium Polarization from Boltzmann Statistics
Unfortunately, the major drawback for NMR is its inherently low sensitivity. This deficiency is
brought about by the fact that the nuclear spin energy splitting in an external magnetic field are
relatively small when compared to the thermal energy that is typically present16,17. One method for
improving sensitivity is to decrease the sample temperature. The polarization of spins in a magnetic
field is described by Boltzmann statistics with the following equation:
P = tanh(γħB0/2TkB)
Where P denotes the polarization, γ is the gyromagnetic ratio of the nucleus, ħ is the reduced
Planck’s constant, B0 is the external magnetic field, T is the temperature, and kB is Boltzmann’s
constant18. As can be seen, the polarization is inversely related to the temperature, so decreasing
the temperature will increase the polarization of the nuclei, garnering more sensitivity. To put this
into perspective, decreasing the temperature form 300 K (room temperature) to 6 K improves
sensitivity by a factor of 42.
Along with an inverse relationship with sample temperature, the polarization is also directly related
to the external magnetic field and the gyromagnetic ratio of the particles. As such, another method
for increasing the polarization, and thus the resolution, is performing the experiments at a higher
magnetic field. The sensitivity can also be improved by using higher γ spins. For instance, protons
have a gyromagnetic ratio four times greater than carbon, so polarization from the proton spins are
commonly transferred to the carbon spins via cross polarization to improve the sensitivity of 13C
NMR. Similarly, a mechanism for transferring polarization from electron spins, which have a
gyromagnetic ration 657 times greater than protons, known as dynamic nuclear polarization (DNP)
is described below1,13,19.
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1.2.3 Dynamic Nuclear Polarization
Another technique capable of overcoming this poor sensitivity is dynamic nuclear polarization
(DNP). For DNP, a stable radical known as a polarizing agent is exogenously doped into the
sample12,15,20,21. When the sample is irradiated with the correct frequency of microwaves, the
strong electron-nuclear hyperfine interactions enable the transfer of the highly-polarized electron
spins to the nuclear spins of interest. This polarization transfer greatly increases the sensitivity of
NMR9. Since the electron gyromagnetic ratio is 657 times greater than that for protons, the
maximum theoretical increase in sensitivity is an enhancement of 6571,13,19.
1.2.3.1 DNP Mechanisms

Two DNP transfer mechanisms used in this dissertation are the solid effect, utilizing a “narrowline radical”, and the cross effect, using a “broad-line radical”. In the solid effect, the microwave
frequency is set to a “matching condition” that is one nuclear Larmor frequency (γB0) away from
the electron’s resonance frequency. These microwaves then facilitate polarization transfer via a
forbidden transition that causes the electron and nucleus to flip simultaneously, leading to
increased nuclear polarization. The enhancement afforded by the solid effect scales with 1/B02. In
the cross effect, DNP transfer is facilitated by saturating a spin packet of electrons. An electron in
this spin packet will then undergo spin transitions along with one nuclear spin and an electron spin
from another spin packet1,22. One advantage the cross effect has over the solid effect is that the
enhancement it yields is predicted to only scale with 1/B0, and is thus more applicable at higher
fields.
1.2.3.2 DNP Polarizing Agents

Different types of polarizing agents are used to optimally utilize the DNP mechanisms described
above. The solid effect relies on so-called “narrow line” radicals whose EPR linewidths are
narrower than the Larmor frequency of the nuclei that are intended to be polarized. One commonly
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used solid effect radical is known as the trityl Finland radical11,12,19. This thesis also uses a newly
synthesized methylated trityl radical: Trityl-Me3N21. “Broad line” radicals, which have EPR
linewidths greater than the nuclear Larmor frequency, are used to facilitate DNP transfer via the
cross effect mechanism11. Cross effect radicals used in this dissertation include AMUPol, a
biradical that contains two tethered nitroxide radicals, and TEMTriPol-1, which contains a
nitroxide radical tethered to a trityl radical.

1.2.4 Electron Decoupling
Polarizing agents are necessary and effective for enhancing nuclear polarization via DNP.
However, the strong hyperfine electron-nuclear interactions that make the transfer of polarization
possible also lead to detrimental paramagnetic effects that broaden the nuclear resonances,
decreasing spectral resolution1,12,13,19. This situation is similar to one encountered when there are
1

H nuclei are present. Proton decoupling methods such as continuous wave (CW) and two pulse

phase modulation (TPPM) are commonly used to attenuate the strong interactions between the 1H
nuclei, resulting in narrower resonances and improved spectral resolution23. Similarly, electron
decoupling can also be used to alleviate the electron-nuclear hyperfine interactions12,19.
Electron decoupling has been shown to work on narrow-line radicals such as trityl Finland
radical1,12,19,21. To do this, the microwave frequency is “chirped” over the electron paramagnetic
resonance (EPR) linewidth of the radical, effectively decoupling the electrons from the nuclei and
improving the resolution and intensity of the resonance. Here, a frequency “chirp” describes the
sweeping of the microwave frequency across all or part of the ERP lineshape throughout the course
of the experiment. These frequency chirps are strong enough to decouple nuclei that are in close
proximity to the radical, as shown when short polarization times of just 5 ms are used on model
systems12.
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1.2.5 MAS DNP NMR Spectrometer
1.2.5.1 Cryogenic System for 90 K and 6 K Experiments

A cryogenic heat exchanger is used to cool gas for drive and bearing gas lines used to spin the
NMR rotor, and a variable temperature line used for regulating sample temperature using a
counterflow coil system24. To achieve sample temperatures below 6 K, the variable temperature
line is replaced by a new one that carries liquid helium, allowing the line to blow liquid helium
straight on rotor. For these low temperature experiments, helium gas used for spinning11,13,21.
1.2.5.2 Frequency-agile Gyrotron

A gyrotron is a vacuum tube that is placed in a large magnetic field. An electron gun consisting of
an anode and cathode sits at the base of the gyrotron, and a large potential of around -15 kV DC is
pulled cross the anode and cathode13,19,25. This potential pulls electrons off of the cathode, and the
large external magnetic field causes the electrons to gyrate. These gyrating electrons resonate with
the interaction cavity, generating microwaves. A mode converter consisting of a copper tube and
mirrors converts the microwaves into a Gaussian mode. The microwaves then travel out of the
window, through a corrugated waveguide, into the NMR sample.

1.3 In Cell NMR
The structure-function relationship has long been an accepted avenue for elucidating the role that
biomolecules play. That is to say, determining the structure of these molecules points toward the
function of that molecule in the cell. This is especially important in the area of drug discovery.
Generally, structural characterization of biological molecules with NMR is performed in vitro26,27.
In vitro NMR studies have several advantages: improved resolution through the elimination of
background signals make the resulting spectra easier to interpret; it simplifies the comparison of
apo and holo protein structures; the ability to use higher protein concentrations provides greater
sensitivity, greatly decreasing the time required to perform experiments; and sample homogeneity
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is much better compared to in cell NMR, further improving sensitivity and resolution. In vitro
methods do come with some disadvantages, though. For example, the protein of interest must be
recombinantly expressed to a high degree of purity, which is not always straightforward or
possible. Due to the lack of molecular tumbling, membrane proteins are even more difficult to
study, especially for larger multi-domain and multi-protein complexes. Further, in vitro results
may ultimately be misleading due to the removal of the natural heterogeneity of membranes and
of other proteins found in cells. Thus, there has been a recent push to attempt to study biomolecules
in their natural environment via in-cell NMR. This is an important step, as biological processes
occur in naturally complex environments that contain a wide array of potential interactors with
target proteins. This is partially to validate structures previously determined in vitro, and also to
explore new structures of proteins and protein/ligand complexes that have not yet been determined
via any method.
There are limitations to being able to perform in cell NMR. Most notably is the need to overcome
the abundance of background signal. To do so, there it is important to be able to improve the
sensitivity of NMR for the desired target. In cell NMR has slowly developed improved techniques
to do this over the past decade, including the labeling (uniform or specific amino acids) and
overexpression of proteins in E. coli cells28. One clever method is the introduction of the 100%
naturally abundant, bio-orthoganal

19 29,30

F

. Exogenous isotope labelling with these recombinant

methods followed by transfer of the labelled target protein into unlabelled cells is a widely
successful technique. By adding the labelled protein to an unlabelled cell, the relative sensitivity
and resolution of the target protein is greatly enhanced as the percentage of labelled nuclei in the
target is enhanced without increasing the percentage of the background cellular signals.
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A typical technique used to deliver the labelled proteins into unlabelled cells is electroporation31,32.
This method relieves a lot of the restrictions placed on the characteristics of the protein that is
being delivered into the cells while still allowing for the advantages of introducing labelled protein
into naturally abundant cells. Further developments have allowed for intracellular expression of
proteins in yeast, insect, and mammalian cell lines33–35. Compared with previous protein delivery
methods, intracellular expression enables the proteins to be studied in the cells in which they are
produced without the need to exert undue stress on the cells via the delivery methods. Even with
improved methods to deliver purified proteins to cells, it must be considered that added stress to
the cells could affect their behavior, giving antifactual results for NMR studies performed on them.
Performing in-cell NMR becomes increasingly difficult when utilizing solid-state methods
necessary for studying membrane proteins. To overcome the abundance of background cellular
signals, selective labelling and overall signal enhancement techniques become vitally important.
Clever labelling methods and even membrane extraction have been used to successfully study
proteins in their native environments using solid-state NMR and dynamic nuclear polarization
(DNP)36–38. Even with the added benefit of DNP, membrane proteins are still difficult to work with
as their concentration is limited by a two-dimensional membrane space, and even further limited
by cellular localization. Thus, even greater improvements in sensitivity are required to sufficiently
enhance the NMR signal from membrane proteins. In this thesis, new DNP techniques such as
electron decoupling and frequency-chirped DNP are developed and explored in intact human cells
in order to improve sensitivity of the NMR signal.

1.4 Protein Kinase C-δ
Membrane proteins, including peripheral membrane proteins that dynamically interact with
phospholipid bilayers, are difficult targets for structural studies39. Due to their association with the
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membrane, there is not enough molecular tumbling to average out anisotropic interactions,
negatively affecting the sensitivity of NMR experiments. Further, the local concentration of
membrane proteins is limited by the available space in the membrane and by the cellular
localization of the protein. One such protein, protein kinase C (PKC), plays a central role in cell
signaling pathways via phosphorylation of a variety of targets involved in cell growth,
differentiation, proliferation, and apoptosis40–42. As such, they are the targets for new therapeutic
interventions of diseases such as Alzheimer’s disease, cancer, and HIV/AIDS43–46. However,
information regarding the effects of modulators on the structure and dynamics of PKC is limited,
with even less information on how the drug/ligand complexes affect the immediate membrane
environment surrounding them. There are three classes of PKC isoforms: conventional, novel, and
atypical. Conventional PKCs require both calcium and diacylglycerol (DAG) to activate, with the
C2 domain playing a major role in the initial association with the membrane. Novel PKCs, on the
other hand, require only DAG, and the C1a and C1b domains are more important for membrane
association. Atypical PKCs require neither calcium nor DAG, and have an overall simpler domain
structure. PKC-δ, the isoform of interest in this thesis, belongs to the class of novel PKC isoforms.

1.4.1 Activation
In the first step of activation, the C2 domain of PKC translocates to the cellular membrane. In
novel PKCs like PKC-δ, this domain is Ca2+ independent, and thus the interaction with the
membrane is relatively weaker. After C2 domain translocation, the C1a and C1b domains move to
the membrane, interacting with modulating ligands and, importantly, phosphatidylserine47. In
novel PKCs, these are the primary interactions anchoring the protein to the membrane48,49. The
dissociation of the C1 regulatory domains from the kinase domain frees the pseudosubstrate region
blocking the active site of the protein on the kinase domain. This pseudosubstrate region, when no
longer occluding the active site, disrupts interactions between the C1a and C2 domains50. PKC
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isoforms will then translocate along the membrane to specialized compartments such as lipid rafts
or caveolae51. PKC-δ specifically promotes local ceramide accumulation and drives raft fusion,
which promotes cellular signaling in a nonspecific fashion52. To fully activate, PKC will undergo
several priming phosphorylation events, followed by several autophosphorylations on the Kinase
and V5 domains to lock it into a catalytically competent conformation.

1.4.2 Structural Biology Overview
1.4.2.1 C1 and C2 Domain Structure

The twin C1 domains contain a characteristic repeated zinc finger motif that is integral to the
proper folding of the domain. These domains function as “hydrophobic switches” that anchor
proteins to membranes. The upper third is largely hydrophobic and in generally embedded in the
membrane bilayer for a stable membrane interaction. The location of ligand binding, the “binding
loops”, do have hydrophilic components, but these components get covered by the bound ligand,
strengthening the association with the membrane. The middle third is positively charged, allowing
it to form stronger interactions with negatively charged lipid headgroups, such as those present on
phosphatidylserine lipids. The bottom third contains the aforementioned zinc binding residues.
The binding loops contain a hydrophilic section that gets covered up through interactions with
modulating ligands to stabilize their interactions in the membrane53–55.
In novel PKCs, the C2 domain forms calcium-independent interactions with the membrane to
initiate activation of the protein. Since they are calcium-independent interactions, they are
generally relatively weak interactions, and thus the actions of the twin C1 domains are more
important for anchoring the protein in the membrane. In fact, deletion of the C2 domain of PKCd does not lead to any membrane targeting defects48,49.
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1.4.2.2 The Kinase Domain

Crystal structures of the kinase domains of isoforms from all three classes currently exist56–58. They
contain a smaller NH2 lobe that consists mostly of beta sheets containing the characteristic
glycine-rich ATP-binding loop with a GXGXXt sequence. There is a “gatekeeper” residue that
links these two nodes, which modulates substrate accessibility to the active site59,60. Priming
phosphorylations at serine/threonine residues are necessary to lock the enzyme in a stable,
catalytically

competent

conformation61–63.

These

phosphorylations

are

followed

by

autophosphorylation of activation loop residues64–67. Novel and conventional PKCs then undergo
two more phosphorylations in the V5 domain64.

1.4.3 Modulators of PKC-δ
Two exogenous ligands that are a common subject of study with PKC-d are bryostatin and phorbol.
Bryostatin is currently under clinical trials for Alzheimer’s and HIV/AIDS eradication68–70.
Currently, more tolerated and more synthetically accessible ligands are being developed, but they
rely on computational ligand comparisons and models as opposed to experimental determinations
of structure and dynamics of the PKC-bound complex.
Phorbol is a drug that binds to the same area of the C1b regulatory domain with the same affinity,
yet is known to be a tumor promoter42. The reasons for these disparities in cellular responses is not
yet known.

1.5 Scope of Thesis
The goal of this dissertation is to begin advancing techniques for improving DNP NMR sensitivity
in intact human cells for the ultimate purpose of testing a hypothesis generated from molecular
dynamics simulations on the C1b regulatory domain of PKC-δ to determine why phorbol and
bryostatin elicit different cellular responses. I analyze the sensitivity of DNP radicals in the regime
at cryogenic temperatures below 6 K. I also extend the electron decoupling described above to
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biologically relevant systems of intact human cells and human and bacteria cell lysates. Further, I
use the frequency-chips that have proven effective at decoupling electron-nuclear hyperfine
interactions and employ them during the polarization period for experiments with TEMTriPol-1
to demonstrate the feasibility of performing frequency-chirped DNP on tethered biradicals to
improve NMR sensitivity beyond that achievable with continuous wave cross-effect DNP. In
addition, I show results from molecular dynamics simulations on the PKCd-C1b regulatory domain
in order to determine how phorbol and bryostatin elicit vastly different cellular responses despite
binding to the same region of the C1b domain with the same affinity.
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Chapter 2: Sensitivity Analysis of MAS DNP below 6
Kelvin
Forward
This chapter is adapted from the paper “Sensitivity Analysis of Magic Angle Spinning Dynamic
Nuclear Polarization below 6 Kelvin” by Patrick T. Judge, Erika L. Sesti, Edward P. Saliba,
Nicholas Alaniva, Thomas Halbritter, Snorri Th. Sigurdsson, and Alexander B. Barnes and
describes work that analyzes the sensitivity of solid effect and cross effect radicals below 6 K. The
goal of these experiments is to determine which radicals provide the greatest sensitivity at
temperatures below 6 K at 7 T while considering effects such as depolarization. An important
result of this paper is demonstrating the superior sensitivity of the trityl Finland radical, a solid
effect radical, at these low temperatures. However, potential advantages of the cross effect radicals,
AMUPol and TEMTriPol-1, are also outlined. This knowledge will be important for the ultimate
goal of implementing highly sensitive DNP NMR experiments in intact human cells. Citation:
Judge, P.T., Sesti, E.L., Saliba, E.P., Alaniva, N., Halbritter, T., Sigurdsson, S.Th., Barnes, A.B.
Sensitivity Analysis of Magic Angle Spinning Dynamic Nuclear Polarization below 6 K. J. Magn.
Reson. 2019, 305, 51-57.

2.1 Overview
Dynamic nuclear polarization (DNP) improves signal-to-noise in nuclear magnetic resonance
(NMR) spectroscopy. Signal-to-noise in NMR can be further improved with cryogenic sample
cooling. Whereas MAS DNP is commonly performed between 25-110 Kelvin, sample
temperatures below 6 K lead to further improvements in sensitivity. Here, we demonstrate that
solid effect MAS DNP experiments at 6 K, using trityl, yield 3.2x more sensitivity compared to
90 K. Trityl with solid effect DNP at 6 K yields substantially more signal to noise than biradicals
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and cross effect DNP. We also characterize cross effect DNP with AMUPol and TEMTriPol-1
biradicals for DNP magic angle spinning at temperatures below 6 K and 7 Tesla. DNP
enhancements determined from microwave on/off intensities are 253 from AMUPol and 49 from
TEMTriPol-1. The higher thermal Boltzmann polarization at 6 K compared to 298 K, combined
with these enhancements, should result in 10,000x signal gain for AMUPol and 2000x gain for
TEMTriPol-1. However, we show that AMUPol reduces signal in the absence of microwaves by
90% compared to 41% by TEMTriPol-1 at 7 Tesla as the result of depolarization and other
detrimental paramagnetic effects. AMUPol still yields the highest signal-to-noise improvement
per unit time between the cross effect radicals due to faster polarization buildup (T1DNP = 4.3 s and
36 s for AMUPol and TEMTriPol-1, respectively). Overall, AMUPol results in 2.5x better
sensitivity compared to TEMTriPol-1 in MAS DNP experiments performed below 6 K at 7 T.
Trityl provides 6.0x more sensitivity than TEMTriPol-1 and 1.9x more than AMUPol at 6 K, thus
yielding the greatest signal-to-noise per unit time among all three radicals. A DNP enhancement
profile of TEMTriPol-1 recorded with a frequency-tunable, custom-built gyrotron oscillator
operating at 198 GHz is also included. It is determined that at 7 T below 6 K a microwave power
level of 0.6 W incident on the sample is sufficient to saturate the cross effect mechanism using
TEMTriPol-1, yet increasing the power level up to 5 W results in higher improvements in DNP
sensitivity with AMUPol. These results indicate MAS DNP below 6 K will play a prominent role
in ultra-sensitive NMR spectroscopy in the future.

2.2 Introduction
Magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy is a highresolution technique capable of providing not only site-specific structural information in
biomolecules, pharmaceuticals, and materials, but also information on the dynamics of the system
relating to its function.1–5 However, NMR is typically sensitivity limited due to a weak nuclear
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spin Zeeman interaction compared to thermal energy.6–8 Dynamic nuclear polarization (DNP) can
overcome this limitation by transferring large electron spin polarization to nuclear spins of
interest.9–18 At high magnetic fields suitable for site-specific NMR resolution, this transfer is
achieved with the use of high frequency microwave sources.19–25
The most common mechanism employed in continuous wave DNP with MAS is the cross
effect26,27. The cross effect is active when the electron paramagnetic resonance (EPR) lineshape of
the polarizing agent is dominated by inhomogeneous interactions, and the combined lineshape of
all of the radicals that make up the polarizing agent is wider than the Larmor frequency of the
nucleus to be polarized.28–30 However, in the absence of microwave irradiation, level crossings at
the cross effect matching conditions are still present and can depolarize nuclei, leading to signalto-noise ratios considerably lower than the Boltzmann case seen in the absence of radical.28,29,31,32
Therefore, the large gains in sensitivity from cross effect DNP must often be analyzed in the
context of detrimental effects arising from the DNP polarizing agents. The AMUPol binitroxide
radical is one of the most common polarizing agents for cross effect DNP, yet has been shown to
depolarize as much as 60% under MAS at 100 K.28,33,34
Radicals have been developed that avoid depolarization while still allowing for the cross effect,
thereby improving overall sensitivity.29,34,35 One such radical is TEMTriPol-1, which contains a
trityl radical tethered to a mononitroxide radical.29,36 The higher symmetry of the trityl g-tensor
results in less inhomogeneous broadening, and attenuates detrimental level crossing which can
result in depolarization.29 The degree of depolarization of TEMTriPol-1 has previously been
characterized at 100, 110, and 125 K.29
MAS DNP is typically performed at temperatures near 100 K, but there is a large desire to access
MAS below 25 K.19,37,39–43 Among other benefits, DNP-NMR signal-to-noise ratios are improved
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at lower temperatures due to higher Boltzmann polarization of the electron spins and longer
electron spin relaxation resulting in more efficient DNP transfers.41,42
Here, we investigate the behavior of DNP radicals including trityl, TEMTriPol-1 and AMUPol at
temperatures below 6 K and at a magnetic field of 7 T. We characterize the sensitivity with respect
to signal-to-noise per unit time. For cross effect DNP, we also measure the nuclear longitudinal
relaxation times (T1), polarization build-up times (T1DNP), maximum enhancements, and
depolarization effects. The DNP enhancement profile of TEMTriPol-1 is also recorded with MAS
at 90 K, as is the microwave power dependence of biradicals with MAS at 6 K and 90 K.

2.3 Methods
2.3.1 Sample Preparation
Samples were prepared with 4M [U-13C,15N] urea (Cambridge Isotope Laboratories, Tewksbury,
MA) and 5 mM radical AMUPol (Cortecnet, Voisins-le-Bretonneux, France), 5 mM TEMTriPol1, or 40 mM Trityl Finland radical (Oxford Instruments, Abingdon, UK) in a d8-glycerol/D2O/H2O
mixture at a 60/30/10 volume ratio. An identical radical-free sample was also prepared. Once
mixed, approximately 36 μL of each sample was packed into 3.2 mm zirconia rotors, and spun in
a custom-built MAS DNP spectrometer.22,38,44

2.3.2 MAS DNP NMR Spectroscopy
Electron polarization from biradicals was transferred to nearby protons via the cross effect using
continuous wave (CW) microwave irradiation, and the bulk protons were polarized via spin
diffusion.16 The microwave irradiation frequency was 197.670 GHz for TEMTriPol-1, 197.674
GHz for AMUPol, and 197.719 GHz for the Trityl Finland radical. Polarization transfer with cross
polarization (CP) was achieved with ω1H/2π = 50 kHz, ω13C/2π = 52 kHz, and a Hartmann-Hahn
contact time of 1 ms. The 1H Larmor frequency was 300.179 MHz, and the 13C Larmor frequency
was 75.4937 MHz at a B0 = 7.05 T. All data were recorded with a custom-built, four-channel, 3.2
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mm, transmission line MAS-NMR probe using a Redstone spectrometer (Tecmag Inc., Houston,
TX).44 Rotor-synchronized, echo-detected, CPMAS sequences were used to record all data. A
nutation of ω1H/2π = 90 kHz was used for π/2 pulses and TPPM decoupling on 1H.48 A nutation of
ω13C/2π = 100 kHz was used for the 13C refocusing pulse to generate Hahn echoes. Magnetization
was saturated with a train of pulses on both 1H and 13C prior to the DNP polarization time (τpol).
The τpol was 3 s to measure the enhancement profile of TEMTriPol-1. The τpol for all other
experiments was 1.26*T1DNP. A saturation recovery sequence was used to measure the longitudinal
nuclear relaxation times with no microwave irradiation (T1), and also polarization build-up times
with microwave irradiation (T1DNP). Spinning frequencies were between 5600 and 5800 Hz with ±
40 Hz stability, and exact details of spinning are described in respective figure captions.
Microwave irradiation generated from a custom-built 198 GHz gyrotron was coupled to the sample
using corrugated waveguides, tapers, and mirrors22,44. The gyrotron output was 40 W, with
approximately 7 W incident on the sample22,23,44.
Enhancements were determined by taking the ratio of signal intensities recorded with microwave
irradiation and without microwave irradiation, taking into account scaling required by the number
of scans used for each experiment. DMFit was used to fit the peaks and determine the areas and
intensites.45 For power dependence measurements, the microwave power was varied with
attenuators placed within the waveguide (Tydex LLC, St. Petersburg, Russia), and microwave
power was measured using a custom-built water calorimeter.
To achieve sample temperatures below 6 K, liquid helium was used as a variable temperature (VT)
fluid directed at the center of the spinning zirconia rotor.37 Ultra-high purity helium gas at 80 K
was used for bearing and drive. The sample temperature was monitored at the interface of the VT
outlet and NMR stator with a calibrated Cernox temperature sensor (Lake Shore Cryotronics, Inc.,
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Westerville, OH). This temperature represents the sample temperature as previously described.13
A Lake Shore temperature controller was used to monitor the temperature of the sample, incoming
transfer lines, and exhaust line.

2.4 Results and Discussion
2.4.1 TEMTriPol-1 Enhancement Profile
To determine the microwave frequency for maximal enhancement with TEMTriPol-1, CPMAS
experiments were performed at varying gyrotron frequencies to record the

1

H Zeeman

enhancement profile of the biradical (Fig. 1a). For these experiments, a polarization time of 3 s
was used, even though it is significantly shorter than the optimal polarization time shown in Fig.
S3b. At 90 K, 5 mM TEMTriPol-1 yielded a maximum positive enhancement of 76 at a gyrotron
frequency of 197.670 GHz with a polarization time of 3 s (Fig. 1b). This profile is similar to that
reported previously.29,36

Figure 1. (a) 1H Zeeman enhancement profile of TEMTriPol-1 at varying gyrotron frequencies.
(b) DNP-enhanced CPMAS spectrum at 90 K of 4 M [U-13C,15N] urea with TEMTriPol-1 at 5
mM, νrot = 3,200 Hz. Black represents no DNP, red is with DNP at νgyrotron = 197.670 GHz.
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2.4.2 Sensitivity of Trityl at 6 K
To put in perspective the increase in sensitivity at 6 K compared to more conventional temperatures
around 90 K, the sensitivity of cross polarization experiments at both temperatures was compared
using the solid effect. Fig. 2 shows spectra of 4 M [U-13C,15N] urea with 40 mM trityl. The
polarization time for each experiment was chosen to be 1.26*T1DNP at their respective
temperatures. Since the 1H T1DNP at 90 K was half as long as at 6 K, the number of scans taken at
90 K was doubled to keep the total experimental time the same for both experiments. As can be
seen in Fig. 2, the spectrum recorded below 6 K shows much improved signal to noise. The
intensity of the 13C Urea resonance is 3.2x larger, indicating a significant improvement to NMR
sensitivity available at cryogenic temperatures below 6 K by a factor of 3.2x compared to 90 K.
As discussed below, AMUPol and TEMTriPol-1 affect the sample through depolarization and
other deleterious effects, such as paramagnetic relaxation. Note that while TEMTriPol-1 has been
shown to not depolarize the sample at temperatures near 100 K, this is not necessarily the case
below 6 K, as we will show in the following sections. Trityl is a narrow-line monoradical that does
not meet the cross effect condition and thus does not cause depolarization. However, other
detrimental effects such as paramagnetic relaxation can remain.
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Figure 2. Comparison of the sensitivity of CPMAS experiments on 4 M [U-13C,15N] urea with 40
mM trityl at 90 K (black) and 6 K (red). The total experimental time to acquire both spectra were
the same.

2.4.3 Power Dependence Comparison
CPMAS experiments with varying microwave transmission through the waveguide were
performed below 6 K to determine dependence of the maximum 1H signal enhancements for
TEMTriPol-1 and AMUPol on the incident microwave power (Fig. 3). Attenuators were inserted
into a 9 mm gap in the middle of the corrugated waveguide to modulate the microwave power on
the sample. The microwave power on each sample without any attenuators was estimated to be 7
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W at a microwave frequency of 197.670 GHz, resulting in an average electron Rabi frequency of
0.45 MHz.22,23 Lower microwave powers result in lower cross effect DNP enhancement if onresonance electron spins are not fully saturated.46,47 The cross effect becomes saturated at about
0.6 W of microwave power using 5 mM TEMTriPol-1 (Fig. 3a). However, in the case of 5 mM
AMUPol, increasing microwave power continues to increase NMR signal intensity up to about 5
W of microwave power (Fig. 3b). Therefore, we demonstrate that lower microwave sources are
fully suitable for cross effect DNP from biradicals containing a slowly relaxing narrow-line
radical, yet gyrotron sources capable of producing >10 W are advantageous for bi-nitroxide
polarizing agents. We observe similar power dependencies at 90 K for both radicals. The cross
effect saturates at higher powers for both radicals at 90 K, but TEMTriPol-1 still saturates at a
significantly lower power compared to AMUPol at 90 K.

Figure 3. Area of the [U-13C,15N] urea 13C resonance dependence on relative microwave power
below 6 K for (a) TEMTriPol-1 and (b) AMUPol.

25

2.4.4 Signal-to-Noise and Sensitivity
As described by De Paëpe and colleagues, the signal-to-noise per unit time is the true measure of
sensitivity, and depends on many parameters besides DNP enhancement including, but not limited
to; temperature, experimental repetition time, noise figures, and signal attenuation due to the
presence of radicals.28,29,34,49,50 Note that, when comparing the sensitivity between two experiments
that are not taken over the same amount of time, it is necessary to consider the square root of the
polarization time. As such, in our comparison between AMUPol and TEMTriPol-1 in this paper
we consider the square root of the polarization time when comparing the sensitivity of both radicals
below 6 K. The signal-to-noise per unit time provided by 5 mM AMUPol (Fig. 4a) and 5 mM
TEMTriPol-1 (Fig. 4e) were compared from CPMAS experiments below 6 K (Fig. 4). With an
incident microwave power of 7 W, 5 mM AMUPol provided an enhancement of 253 at 5.1 K (Fig.
4b). 5 mM TEMTriPol-1 provided a smaller enhancement of 49 at 4.2 K (Fig. 4f). DNP
polarization periods of 1.26*T1DNP were used for each radical.
It is important to note that the signal enhancement with TEMTriPol-1 has been shown here to be
greater at 90 K than at 6 K. An explanation for the different behavior of the cross effect for different
biradicals is that it is dependent on electronic relaxation times.33 It was demonstrated by Vega and
colleagues that at temperatures below 30 K the cross effect starts to become much less efficient.51
Neither AMUPol nor TEMTriPol-1 were designed for use at such low temperatures and, as such,
their performance at 6 K do not mimic the improvement in sensitivity seen with trityl (Fig. 2).
While the enhancements from AMUPol were significantly larger than TEMTriPol-1, AMUPol
reduces the signal obtained from the nuclear spins in the absence of microwaves more substantially
than TEMTriPol-1 due to a combination depolarization and other detrimental effects such as
paramagnetic relaxation. The extent of the depolarization of AMUPol has been partially attributed
to its longer T1e relaxation times compared to other, non-depolarizing radicals.29,33 In the case of
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narrow-line monoradicals such as trityl, these paramagnetic relaxation effects can be mitigated
with electron decoupling.24,41 However, biradicals with extensive inhomogenous broadening will
require much higher electron spin Rabi frequencies to implement electron decoupling.
CPMAS experiments were performed in the absence of microwaves below 6 K at 7 T to determine
the extent to which the signal was reduced by 5 mM AMUPol compared to 5 mM TEMTriPol-1,
which has been shown to not depolarize at 100 K. Urea with 5 mM AMUPol results in only 10%
of the intensity compared to urea without radical (Fig. 4c). Markedly, 5 mM TEMTriPol-1 reduces
signal to a lesser extent, at 59% of the intensity compared to urea without radical (Fig. 4g).
Substituting the radical-present microwave-off signal with its no-radical counterpart, the “adjusted
enhancements” were 25 for 5 mM AMUPol and 29 for 5 mM TEMTriPol-1 at an incident
microwave power of 7 W.28
While the adjusted enhancements obtained with 5 mM TEMTriPol-1 and 5 mM AMUPol were
more similar in magnitude, the 1H T1 polarization buildup times (T1DNP) were significantly
different. The T1DNP plots for 1H below 6 K are shown in Fig. 4d,h. Urea with 5 mM AMUPol had
a short T1DNP time of 4.3 ± 0.1 s (Fig. 4d). In contrast, 5 mM TEMTriPol-1 exhibited a much
longer T1DNP time of 36.2 ± 1.1 s (Fig. 4h). Thus, the polarization time required to achieve the
maximum enhancement with AMUPol was about 9-times shorter than for TEMTriPol-1. This
shorter T1DNP allows AMUPol to provide superior signal-to-noise per unit time. To compare the
sensitivity for each radical, the adjusted enhancement was divided by the square root of the
corresponding T1DNP. The sensitivity for AMUPol was calculated to be 2.5 times larger than for
TEMTriPol-1.
A similar comparison using the signal-to-noise divided by the square root of the polarization time
for each radical is shown in Table 1. For reference, dividing the signal-to-noise by the square root
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of the polarization time shows that AMUPol provides 3.1x more signal-to-noise per unit square
root time than TEMTriPol-1 at 6 K. At 90 K, AMUPol provides the greatest sensitivity, yielding
1.4x more signal-to-noise per unit square root time than trityl, and 1.7x more than TEMTriPol-1.
However, at 6 K trityl yields 1.9x more signal-to-noise per unite square root time than AMUPol,
and 6.0x more than TEMTriPol-1 at 7 T. Thus, at 90 K, AMUPol with the cross effect is
preferential for obtaining the greatest sensitivity, while at 6 K, trityl is preferable for more sensitive
experiments with the solid effect.
The sensitivity comparison between 90 K and 6 K performed on trityl in section 4 can also be
made for the cross effect radicals discussed here. To do so, we compared the signal-to-noise
produced by both radicals at each temperature divided by the square root of their respective
polarization times (Table 1). Surprisingly, neither AMUPol nor TEMTriPol-1 displayed a
significant increase in sensitivity when the sample temperature was reduced to 6 K, with
TEMTriPol-1 actually decreasing in sensitivity. AMUPol’s signal-to-noise per unit time increased
by a factor of only 1.2x, while TEMTriPol-1’s sensitivity is only 0.6x compared to 90 K. This is
in stark contrast to trityl, which increased in sensitivity by 3.2x. As mentioned previously, it has
already been observed that the cross effect is less efficient at temperatures below 30 K;51 this
decrease in efficiency may be preventing the increase in sensitivity for AMUPol and TEMTriPol1 that was observed for trityl.
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Figure 4. Structures of AMUPol (a) and TEMTriPol-1 (e) and their corresponding DNP CPMAS
spectra of 4 M [U-13C,15N] urea with 5 mM AMUPol (νrot = 5,700 Hz) (b) and 5 mM TEMTriPol1 (νrot = 5,700 Hz) (f), with the DNP signal in red and the no DNP signal in black. (c) and (g) show
the signal reduction of the sample caused by the addition of 5 mM AMUPol and TEMTriPol-1,
respectively, with the urea signal with no radical in black and the urea signal with radical in red
(νrot = 5,700 Hz). (d) and (h) show the 1H T1DNP polarization buildup times for AMUPol and
TEMTriPol-1, respectively. All data was recorded at a microwave power of 7 W below 6 K.
6K

Radical
(Mechanism)

90 K S/N/sqrt(τpol)

AMUPol (CE)

222

261

TEMTriPol-1 (CE)

134

84

S/N/sqrt(τpol)
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Trityl (SE)

156

506

Table 1. Sensitivity comparison of AMUPol, TEMTriPol-1, and trityl at 90 K and 6 K. Columns
show the signal-to-noise divided by the square root of the polarization buildup time.
To determine whether the relationship between 1H relaxation times remains the same in the
absence of microwaves, we compared the 1H T1 (without microwaves) of [U-13C,15N] urea with
AMUPol and TEMTriPol-1 (Fig. 5). It was determined that the 1H T1 with AMUPol was 9.4 ± 0.7
s (Fig. 5a), which is 9 times shorter than the 83.7 ± 3.0 s T1 we determined for TEMTriPol-1 (Fig.
5b). It is noteworthy that the 1H T1 and the 1H T1DNP times are not equal for either biradical used,
which is not typically observed for biradicals and cross effect DNP. The disparity in T1 and T1DNP
indicates that DNP mechanisms at 6 K and 90 K are not identical.33 This could be partially due to
the difference in electron polarization at 6 K compared to 90 K. The increased polarization at 6 K
makes electron-electron pairs with opposite spin orientation to participate in the cross effect less
common.56
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Figure 5. 1H T1 of [U-13C,15N] urea with (a) 5 mM AMUPol and (b) 5 mM TEMTriPol-1.

2.5 Conclusions and Outlook
Here, we definitively demonstrate that solid effect DNP is more sensitive below 6 K than at 90 K
by performing CPMAS experiments with trityl. The sensitivity at 6 K was determined to be 3.2x
greater than at 90 K. We also show that AMUPol offers significant advantages over TEMTriPol1 for quickly obtaining improved signal-to-noise below 6 K at 7 T. While AMUPol greatly
depolarizes nuclear spins, the adjusted enhancement was still of similar magnitude to that of
TEMTriPol-1. Furthermore, the polarization time required to achieve these enhancements
drastically favored AMUPol, which required only one ninth the time to provide its maximum
enhancement. The shorter T1DNP effectively enables AMUPol to provide 2.5 times more signal-tonoise per unit time. While AMUPol exhibited these clear advantages between the two cross effect
radicals, TEMTriPol-1 may still offer its own distinct advantages below 6 K at 7 T. For instance,
a chelated gadolinium moiety could be covalently attached to trityl-nitroxide radicals to achieve
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shorter electron spin relaxation properties.57 Furthermore, electron decoupling of trityl within
TEMTriPol-1 could also mitigate detrimental effects due to the strong hyperfine interactions.24,41
We have already shown electron decoupling with a trityl radical has the ability to improve the
signal intensity while decreasing the linewidth of the signal at temperatures below 6 K.41
Furthermore, this sensitivity comparison may not scale up to larger magnetic fields (> 18 T), where
TEMTriPol-1 is known to provide more efficient DNP transfer than at 7 T.29,36
Trityl yielded the highest sensitivity between all three radicals studied. Using the solid effect, trityl
yielded 1.9x and 6.0x more signal-to-noise per unit square root time than the cross effect radicals
AMUPol and TEMTriPol-1, respectively, at 6 K and 7 T. Furthermore, we demonstrated that at 6
K the cross effect is saturated at about 5 W of microwave power with 5 mM AMUPol, and at 0.6
W with 5 mM TEMTriPol-1. Since trityl uses the solid effect as its primary DNP mechanism, we
do not expect DNP enhancements to diminish with stronger microwave fields, opening the
possibility for even greater sensitivity at 6 K with greater microwaves powers. Greater microwave
powers will also open the possibility of pulsed DNP for coherent manipulation of electron spins,
especially with a narrow-line radical such as trityl. We have successfully performed electron
decoupling on trityl below 6 K.41 We have also demonstrated that we can successfully decouple
the hyperfine interactions between the electron spins and nuclear spins in close proximity to the
radical.58 One advantage that TEMTriPol-1 has over trityl, though, is that the solid effect is less
effective at fields for which TEMTriPol-1 is optimized (> 18 T). This opens the possibility that
TEMTriPol-1, or other cross effect radicals designed for operation at high magnetic fields, will
yield greater sensitivity at 90 K and/or 6 K.
The overall signal enhancement of 1000x we have demonstrated using MAS DNP < 6 K will
benefit structural biology and characterization of materials. For example, determining distance
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constraints on biochemical structures involves multiple evolution dimensions, leading to currently
lengthy experimental times.51–55 Maximizing the signal-to-noise ratio obtained in an NMR
experiment by achieving the largest possible electron Boltzmann polarization, as well as
optimizing the efficiency of DNP transfers, allows these experiments to be performed in a fraction
of the time required otherwise.
Aside from its in vitro applications, AMUPol has also been shown to be effective for enhancing
NMR signals in an in vivo environment of HEK293-F cells.42 In-cell DNP experiments will be
critical for elucidating the structure-function relationship of many biological systems in their
native cellular environment. Maximizing the signal-to-noise of the sparsely-populated NMR spins
in these cellular samples through DNP and through cooling the system down to cryogenic
temperatures below 6 K will be necessary for such experiments.
There are two distinct routes for improving the MAS DNP-NMR below 6 K. One is to use new
radicals for continuous wave DNP transfers that are designed to have optimal relaxation properties.
However, we believe continuous wave DNP will evolve into the pulsed regime, as microwave
technology is developed and becomes widely available. A second route to ultra-sensitive NMR
below 6 K is therefore the application of pulsed microwaves for time-domain transfer mechanisms,
followed by pulsed electron decoupling. Therefore, we will develop new instrumentation to
implement intense chirped microwave pulses for MAS.
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Chapter 3: DNP with Electron Decoupling in Intact
Human Cells and Cell Lysates
Forward
This chapter was adapted from the paper “Dynamic Nuclear Polarization with Electron Decoupling
in Intact Human Cells and Cell Lysates” by Patrick T. Judge*, Erika L. Sesti*, Lauren E. Price,
Brice J. Albert, Nicholas Alaniva, Edward P. Saliba, Thomas Halbritter, Snorri Th. Sigurdsson,
George B. Kyei, and Alexander B. Barnes. This chapter builds on the work from the previous
chapter by demonstrating further improvement in the sensitivity of solid effect radicals below 6 K
through the application of electron decoupling, which mitigates hyperfine interactions between
electrons and nuclei, improving the sensitivity and resolution of NMR experiments. Further, it
demonstrates the feasibility of performing such experiments in biologically relevant samples
including intact human cells and human and bacterial cellular lysates. Beyond the application of
electron decoupling, one important result from these experiments is the demonstration of
exceptionally short 1H T1DNP relaxation times with the newly synthesized trityl-Me3N radical, a
methylated variant of the trityl Finland radical. These results lay the groundwork for performing
rapid, highly sensitive MAS DNP NMR experiments in complex cellular environments.
Reproduced with permission from Judge, P.T.*, Sesti, E.L.*, Price, L.E., Albert, B.J., Alaniva, N.,
Saliba, E.P., Halbritter, T., Sigurdsson S.Th., Barnes, A.B.. Dynamic Nuclear Polarization with
Electron Decouling in Intact Human Cells and Cell Lysates. J. Phys. Chem. B. 2020, 124, 23232330. Copyright 2020 American Chemical Society.

3.1 Overview
Dynamic nuclear polarization (DNP) is used to improve the inherently poor sensitivity of nuclear
magnetic resonance (NMR) spectroscopy by transferring spin polarization from electrons to
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nuclei. However, DNP radicals within the sample can have detrimental effects on NMR spins close
to the polarizing agent. Chirped microwave pulses and electron decoupling (eDEC) attenuate these
effects in model systems, but this approach has yet to be applied to intact cells or cellular lysates.
Here, we demonstrate for the first time in the literature exceptionally fast 1H T1DNP times of just
200 ms and 300 ms at 90 K and 6 K, respectively, using a newly synthesized methylated trityl
radical within intact human cells. We further demonstrate that eDEC can also be applied to intact
human cells and human and bacterial cell lysates. We investigate eDEC efficiency at different
temperatures, with different solvents, and with two trityl radical derivatives. At 90 K, eDEC yields
a 13C signal intensity increase of 8% in intact human cells and 10% in human and bacterial cell
lysates. At 6 K, eDEC provides larger intensity increases of 15% and 39% in intact human cells
and cell lysates, respectively. Combining the manipulation of electron spins with frequencychirped pulses and sample temperatures approaching absolute zero is a promising avenue for
executing rapid, high-sensitivity magic angle spinning DNP in complex cellular environments.

3.2 Introduction
Solid-state nuclear magnetic resonance (NMR) is a valuable method for studying biological
systems at atomic resolution

1–7

; however, it suffers from an inherent lack of sensitivity

8–10

. In

complex biological environments, NMR sensitivity is further challenged by low endogenous
cellular concentrations of molecules of interest. Dynamic nuclear polarization (DNP) can increase
NMR sensitivity by orders of magnitude by transferring spin polarization from electron
paramagnetic resonance (EPR)-active polarizing agents to target nuclear spins

11–20

. While DNP

polarizing agents boost polarization, they can also cause deleterious paramagnetic effects such as
shorter coherence lifetimes (line-broadening) and signal attenuation

21–24

. These effects become

more severe as hyperfine interactions increase. Recently, we introduced a strategy to attenuate
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hyperfine couplings by decoupling electron-nuclear interactions with frequency-chirped
microwave pulses generated by a frequency-agile gyrotron 25,26. Electron decoupling (eDEC) has
been successfully applied to model systems of small molecules suspended in a cryoprotecting
glassy matrix (glycerol-d8/D20/H20, 60/30/10%) 25,27. Extending eDEC to more complex samples
is important for translational studies in biological systems.
Establishing the structure-function relationship of molecular architectures of interest is
fundamental to many biological studies. Reductive approaches are often employed to study
biomolecular structures in simplified environments in vitro. However, proteins, drugs, and
biomolecules of biomedical importance do not necessarily have the same behavior, or structural
ensembles, in simple in vitro environments as they do in the cellular context or in vivo. Recent
studies have demonstrated the profound effect of the complex cellular environment on protein
structure 28,29.
Complex mixtures also have significant effects on DNP efficiency 30. While different formulations
can be detrimental to DNP in vitro, we recently demonstrated excellent DNP performance in intact
human cells 31. To transition eDEC with DNP to in-cell structural biology, the efficacy of eDEC
must be demonstrated in more complex cellular environments. Chirped microwave pulses, which
improve control over electronic and hyperfine interactions within the Hamiltonian, are a promising
route to improve in-cell NMR. Here, we perform effective eDEC in isotopically-enriched intact
human cells and human and bacterial cell lysates at 90 K and 6 K with two different trityl radicals
(Finland trityl radical and trityl-Me3N). Trityl-Me3N is a newly synthesized polarizing agent
designed to penetrate cellular membranes and also shorten magnetization recovery delays32,33. We
present exceptionally short 1H T1DNP times with the trityl-Me3N radical in intact human cells below
6 K.
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3.3 Methods
3.3.1 Solid Effect Radicals
Two tertiary carbon stable organic radical containing compounds, Finland trityl radical (Oxford
Instruments, Concord, MA) and trityl-Me3N were investigated. While eDEC has been successfully
applied to model systems, it has yet to be demonstrated within intact cells. Direct DNP transfers
and eDEC within intact cells require penetration of DNP polarizing agents through membranes
and distribution throughout cells. In addition to the Finland trityl radical, we also explored the use
of trityl-Me3N. The trityl-Me3N derivative was synthesized and deployed in this study to exploit
the additional advantage of the methyl groups, leading to faster replenishing of magnetization
(shorter 1H T1DNP) and higher sensitivity experiments34.

3.3.2 Human Cell Lysate Preparation
For human cell lysates, Jurkat T cells (ATCC, Manassas, VA) were cultured in [U-13C, 98%; U15

N,

98%]

BioExpress-6000

mammalian

cell

growth

medium

(Cambridge

Isotope

Laboratories, Tewksbury, MA) at a concentration of 3 x 106 cells/mL in a six-well plate at 37°C
and 5% CO2 for 48 h. 4.0 x 107 cells were collected, spun at 170 x g for 5 min, washed with 1x
phosphate-buffered saline (PBS), and spun again at 170 x g for 5 min to remove extracellular NMR
labels. A solution was prepared for DNP cryoprotection and cell lysis by dissolving 40 mM Finland
trityl radical in a solution of 60% glycerol-d8, 30% D2O, 10% H2O (cryoprotecting glassy matrix).
Triton X-100 was added to a final concentration of 0.5 v/v% to lyse the cells. 30 µL of
cryoprotecting matrix combined with cell lysis solution was added to the cell pellet, and 36 µL of
the resulting suspension was added to a 3.2 mm zirconia rotor and frozen in liquid nitrogen.

3.3.3 Intact Human Cell Preparation
Jurkat cells for intact human cell experiments were cultured and washed under the same conditions
as the Jurkat cells for the lysed samples, except cells were plated at 2 x 106 cells/mL and 3.6 x 107
cells were collected for each experiment. The cell pellet was resuspended in 36 µL of 1x PBS with
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10% DMSO containing either 40 mM of the Finland trityl radical or trityl-Me3N radical. This
suspension was centrifuged directly into the 3.2 mm zirconia rotor at 800 x g for 30 s and
immediately frozen in liquid nitrogen as detailed in our previous work 31.

3.3.4 Bacteria Cell Lysate Preparation
Rosetta electro-competent Escherichia coli (E. coli) cells electroporated with a PGEX-4T plasmid
(Genscript, Piscataway, NJ) bearing an insert coding for the C1b domain of the δ isoform of protein
kinase C (PKC-δ) were incubated in Super Optimal Broth (S.O.C.) medium for one hour before
plating on selective medium. The colonies obtained were then cultured in 200 mL

15

N, 13C, 2H-

labeled ISOGROW complex medium (Sigma Aldrich, St Louis, MO) until the 600 nm optical
density reached the midlog point (0.6). Then, the culture was induced and left to incubate and grow
overnight at 20°C. The cells were collected by centrifugation. All buffers were completely
deuterated to minimize the 1H concentration. Pellets were lysed in lysis buffer by sonication and
the lysate was then centrifuged. The soluble fraction was decanted, steri-filtered, and incubated
for 2.5 h at room temperature with 1.2 mL glutathione-S-transferase (GST) beads (Thermo-Fisher
Scientific, Waltham, MA) to isolate the GST-PKC C1b from the soluble fraction. The beads were
then centrifuged at 600 x g for 4 min and the supernatant removed. A pellet was obtained from the
supernatant by ultra-centrifugation at 4°C for 48 h. 8 mg of pellet was mixed with 100 µL 40 mM
of the Finland trityl radical and fully deuterated cryoprotecting matrix (60% glycerol-d8, 40% D20
volume ratio), and 36 μL was packed into a 3.2 mm zirconia rotor. Another 8 mg of pellet was
mixed with 100 µL of 40 mM Finland trityl radical in deuterated buffer, and 36 μL was packed
into a 3.2 mm zirconia rotor.

3.3.5 NMR Experiments
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All experiments were performed using a custom-built NMR MAS transmission line probe 35 with
a Redstone (Tecmag Inc. Houston, TX) spectrometer. The Larmor frequencies of 1H and 13C at B0
= 7.05 T were 300.179 MHz and 75.4937 MHz, respectively. The pulse sequence was a 13C rotorsynchronized Hahn echo with eDEC applied over the Hahn echo pulse sequence and the
acquisition as published previously 25. Polarization times were 7 s, and the spinning frequency was
4 kHz. The ν13C was 83 kHz, and TPPM 1H decoupling had a ν1H of 83 kHz. 3,072 transients of
each spectrum were recorded, and the temperature of all experiments was maintained at 95 K or
6-7 K. DMFit

36

was used to fit the

13

C carbonyl resonance at approximately 180 ppm in each

spectrum, and the resulting area under the curve was used to calculate the percent increase in area
with eDEC. 1H polarization build up times (1H T1DNP) were recorded using a saturation recovery
CPMAS sequence with the ν1H used above.
Microwaves and chirped pulses were generated from a custom-built frequency-agile gyrotron 37.
For the DNP condition, the microwave frequency was 197.719 GHz. The chirped pulses were
centered on the trityl EPR resonance of 197.640 GHz with a sweep width of 103 MHz and a sweep
time of 13.75 µs. The incident microwave power on the sample was 7 W, resulting in an estimated
Rabi frequency (γB1S) of 0.70 MHz.
A stream of liquid helium was directed at the sample centered within spinning zirconia rotors to
achieve sample temperatures near 6 K, as described previously 38. Bearing and drive were ultrahigh purity helium gas maintained at 80 K. A calibrated Cernox temperature sensor (Lake Shore
Cryotronics, Inc., Westerville, OH) was used to monitor the sample temperature at the interface of
the variable temperature (VT) outlet and NMR stator 38. The temperature of the sample, incoming
transfer lines, and exhaust line were monitored with a Lake Shore temperature controller.

3.4 Results and Discussion
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We previously demonstrated eDEC at 90 K in a model system of [U-13C,15N] urea using direct
polarization transfer from electron spins to carbon nuclei 25. We also performed eDEC in magic
angle spinning (MAS) experiments below 6 K in model systems of [U-13C,15N] urea and [U13

C,15N] L-proline using cross-polarization

27,39

. Here we demonstrate direct carbon polarization

with eDEC at 90 K and 6 K in more complex biological systems including intact and lysed human
Jurkat T cells, and also in the soluble fraction of Escherichia coli bacterial cell lysates.

3.4.1 eDEC on Bacterial Cell Lysates
We first performed solid effect cross-polarization (CP)-MAS and eDEC on the purified soluble
fraction of E. coli cell lysates (Figs. 1 and 2) using the Finland trityl radical to analyze the effect
of solvent (cryoprotecting matrix or buffer) on DNP and eDEC efficiency. At 90 K, the soluble
fraction of the E. coli cell lysate dissolved in cryoprotecting matrix showed a 35-fold

13

C

enhancement of the carbonyl resonance intensity (Fig. 1a). The same sample suspended in buffer
provided a slightly smaller, yet significant, 31-fold enhancement (Fig. 1b). This smaller
enhancement was unsurprising, as the glassy matrix formed with the cryoprotecting solvent is well
suited to distributing the radical and efficient DNP, and thus is expected to provide a greater
enhancement than a buffer solution 30.
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Figure 1. 13C enhancements at 90 K of bacterial cell lysates with the Finland trityl radical in (a) a
cryoprotecting matrix (32 DNP scans, 256 No DNP scans; ε = 35 +/- 1) and in (b) buffer (96 DNP
scans, 256 No DNP scans; ε = 31 +/- 1). Red represents the 13C signal with DNP; black is without
DNP.
Similar to the lower DNP efficiency, eDEC performance in the bacteria lysate sample with a
cryoprotecting matrix was also slightly less effective. At 90 K, eDEC enhanced the carbonyl
resonance intensity of the lysate in a cryoprotecting matrix by 10 +/- 2% (Fig. 2a). The intensity
of the lysate in deuterated buffer increased by a smaller percentage of 6.0 +/- 0.1% (Fig. 2b).
We also investigated high sensitivity experiments by lowering the sample temperature to 6 K (Fig.
2c and d). The carbonyl resonance intensity increased by 17 +/- 3% and 39 +/- 0.1% with electron
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decoupling for the lysates in a cryoprotecting matrix and buffer, respectively, suggesting that the
eDEC mechanism is independent of the DNP transfer efficiency.
Interestingly, at 90 K electron decoupling elicits a greater increase in intensity in the lysate sample
with a cryoprotecting matrix than it does with buffer. However, at 6 K the reverse is true with the
greater intensity increase occurring with the lysates with buffer. We postulate that this is due to
differing polarization buildup times at each temperature. Polarization buildup times are expected
to be longer at lower temperatures. Since we used the same polarization time for experiments at
both temperatures, we are further from the optimal polarization time of 1.26*T1DNP at 6 K than at
90 K. Thus, at 90 K we are reporting on observed spins with stronger hyperfine couplings, yielding
a larger increase in intensity with electron decoupling in the cryoprotecting matrix, whereas the
opposite is true at 6 K.
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Figure 2. eDEC of bacterial cell lysates at 90 K in (a) a cryoprotecting matrix (32 scans) and (b)
buffer (96 scans) and at 6 K in (c) a cryoprotecting matrix (4 scans) and (d) buffer (4 scans). Black
represents no eDEC, while red is with eDEC. At 90 K, eDEC increased the spectrum intensity by
10 +/- 2% with a cryoprotecting matrix and 6.0 +/- 0.1% with buffer. These increases were about
doubled at 6 K, where the intensity increased 17 +/- 3% with a cryoprotecting matrix and 39 +/0.1% with buffer.
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Figure 3. Chemical structures of the trityl derivatives, Finland trityl radical (left) and trityl-Me3N
(right).

3.4.2 eDEC on Intact Human Cells and Human Cell Lysates
13

C enhancements were recorded at 90 K to determine DNP performance to target nuclear spins

within intact cells and cellular lysates (Fig. 4) and to probe the cellular uptake of the trityl
derivatives (Fig. 3). In Jurkat lysates with the Finland trityl radical, nuclear spins were enhanced
by a factor of 29.4 +/- 0.9 (Fig. 4a). In intact cells, the nuclear spins were enhanced by factors of
4.1 +/- 0.2 and 4.0 +/- 0.2 with the Finland trityl radical and trityl-Me3N, respectively (Fig. 4b,c).
The enhancements in intact cells were likely lower due to cellular localization; in the lysate,
radicals are evenly distributed throughout the lysed cellular material, whereas in a cell they are
likely to be subcellularly localized, limiting the number of nuclear spins in close proximity for
enhancement. Note that the

13

C spectra for the Jurkat lysates and intact Jurkat cells with both

radicals had the same resonances and similar relative intensities. This, along with the exceptionally
short 1H T1DNP buildup times with both radicals (see below, Fig. 9), indicates that both radicals
successfully penetrated the cellular membrane and are distributed within the cell. Further, light
microscopy was performed on Jurkat cell samples with no radical and with Trityl Finland radical
to confirm that the cells were not lysed in the process of sample preparation (Fig. 6).
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Figure 4. 13C enhancements at 90 K in (a) Jurkat cell lysates with Finland trityl radical (256
DNP scans, 4,096 No DNP scans; ε = 29.4 +/- 0.9), (b) intact Jurkat cells with the Finland trityl
radical (2,560 DNP scans, 10,240 No DNP scans; ε = 4.1 +/- 0.2), and (c) intact Jurkat cells with
trityl-Me3N (3,584 DNP scans, 6,144 No DNP scans; ε = 4.0 +/- 0.2). Red represents the 13C
signal with DNP, while black is without DNP.
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Figure 5: Comparison of DNP spectra with (red) and without (black) eDEC at 90 K for (a)
Jurkat cell lysates with the Finland trityl radical (3,072 scans), (b) intact Jurkat cells with the
Finland trityl radical (2,560 scans), and (c) intact Jurkat cells with trityl-Me3N (3,584 scans). The
carbonyl resonances increased in intensity by 8.2 +/- 3.2%, 8.2 +/- 2.8%, and 8.4 +/- 2.7%,
respectively, with eDEC for each sample.
When eDEC was applied at 90 K, the intensity of the carbonyl resonances in the Jurkat cell lysates
increased by 8.2 +/- 3.2% (Fig. 5a), and by 8.2 +/- 2.8% and 8.4 +/- 2.7% in intact Jurkat cells
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with Finland trityl radical and trityl-Me3N, respectively (Fig. 5b,c). This intensity improvement
demonstrates that eDEC reveals nuclear spins not contributing to the NMR signal without eDEC
due to paramagnetic effects. Moreover, the added cellular components do not prevent eDEC,
which has a similar efficiency in these more complex biological systems as in previously studied
model systems 25,27.

Figure 6: Light microscopy images of Jurkat cells with no radical (a), and Jurkat cells with Finland
trityl radical (b).
To further improve sensitivity and to determine the effectiveness of eDEC in intact human cells at
lower temperatures, the sample temperature was reduced to below 6 K (Figs. 7, 8). Again utilizing
the solid effect DNP mechanism, there was about an 8-fold (7.6 +/- 0.3) enhancement in intact
Jurkat cells with the Finland trityl radical (Fig. 7a) and a slightly larger 12-fold (12.5 +/- 3.8)
enhancement in cells with the trityl-Me3N radical (Fig. 7b). Compared to experiments at 90 K, the
enhancement with Finland trityl radical increased by a factor of 1.9 while the enhancement with
trityl-Me3N increased by a factor of 3.1. These enhancements are likely due to improved
polarization transfer efficiency associated with longer spin relaxation at lower temperatures.
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Figure 8 shows that eDEC efficiency also improved in human cells at sample temperatures below
6 K. The carbonyl resonance intensity of intact cells using the Finland trityl radical and tritylMe3N increased by 12.4 +/- 3.0% (Fig. 8a) and 14.5 +/- 4.0% (Fig. 8b), respectively. In addition,
slight linewidth narrowing was observed in the carbonyl resonance for both trityl derivatives.

Figure 7. 13C enhancements at 6 K in intact Jurkat cells with the (a) Finland trityl radical (24
DNP scans, 80 No DNP scans; ε = 7.6 +/- 0.3) and (b) trityl-Me3N (40 DNP scans, 80 No DNP
scans; ε = 12.5 +/-3.8). Red represents the 13C signal with DNP, while black is without DNP.
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Figure 8: Comparison of DNP spectra with (red) and without (black) eDEC at 6 K for intact
Jurkat cells with the (a) Finland trityl radical (24 scans) and (b) trityl-Me3N (24 scans). The
carbonyl resonances increased in intensity by 12.4 +/- 3.0% and 14.5 +/- 4.0%, respectively,
with eDEC for each sample.
3.4.3 1H T1DNP below 6 Kelvin in Human Cells
Electron decoupling with trityl-Me3N yielded similar results to the Finland trityl radical at 90 K,
yet below 6 K, trityl-Me3N shows a smaller increase in intensity (Fig. 8), indicating that the
Finland trityl radical is better suited to temperatures below 6 K. However, trityl-Me3N has a unique
advantage below 6 K (and also at 90 K) by virtue of its exceptionally short 1H T1DNP times (Fig.
9). At 90 K, intact Jurkat cells with the Finland trityl radical exhibited a 1H T1DNP of 1.6 ± 0.1 s
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(Fig. 9a), while cells with trityl-Me3N exhibited a 1H T1DNP that was 8-times shorter at 0.2 ± 0.01
s (Fig. 9b). The difference in 1H T1DNP times was similar at temperatures near 6 K: 2.7 ± 0.4 s with
the Finland trityl radical and only 0.3 ± 0.01 s with trityl-Me3N (Fig. 9c,d). We note that this
proton polarization buildup time of 300 milliseconds is remarkably short and unprecedented in the
literature. Although the mechanism is unclear, the methyl groups on trityl-Me3N appear to
significantly reduce the 1H T1DNP, as shown previously for bcTol and bcTol-M 34. We previously
showed that in model systems the 1H T1DNP is 19 s with the Finland trityl radical 27; therefore, the
complex cellular environment is conducive to short recovery times. Inhomogeneous distribution
of the radical in the sample, which would lead to higher local concentrations of radical in these
localized areas, could contribute to the shortening of the 1H T1DNP times for this radical. The short
recovery times associated with the trityl-Me3N polarizing agent are promising for extremely high
sensitivity experiments below 6 K, as experiments can be repeated very quickly to yield incredible
signal-to-noise per unit square root of time 40.
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Figure 9. 1H T1DNP of intact Jurkat cells at 90 K with the Finland trityl radical (a) and tritylMe3N (b) and at 6 K with the Finland trityl radical (c) and trityl-Me3N (d).

3.5 Conclusions and Outlook
Here, we demonstrated that the Finland trityl radical and trityl-Me3N not only yield substantial
sensitivity increases in human and bacterial cell lysates through DNP, but they can also be electron
decoupled to further improve sensitivity. Furthermore, in bacterial cell lysates, these sensitivity
improvements were shown to be largely independent of the sample matrix.
The intact human cells readily took up both trityl-based DNP polarizing agents. In these cells,
DNP and eDEC successfully enhanced the sensitivity of the observed nuclear spins. Moreover, we
demonstrated that NMR sensitivity in human cells can be readily improved by decreasing the
sample temperature to below 6 K. The combination of DNP and eDEC at temperatures below 6 K
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enabled the most sensitive NMR experiments recorded to date at 7 Tesla in intact human cells. In
addition, we showed that trityl-Me3N has extremely short 1H T1DNP times in cells, likely due to
methyl groups not present in the Finland trityl radical. At temperatures below 6 K, the 1H T1DNP
time was 0.3 s, which allows for exceptionally fast repetition of experiments. This pace of data
acquisition, coupled with the already superb sensitivity at 6 K with DNP and eDEC, will facilitate
structural biology in the human cellular context. Moreover, eDEC implemented with
multidimensional NMR will provide the sensitivity enhancements and spectral resolution required
for the analysis of complex biological systems. Lastly, we note that future implementation of DNP
and eDEC for in-cell NMR will realize the ability to target radicals to specific sites of structural
interest.
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Chapter 4: Frequency-Chirped Dynamic Nuclear
Poalrization in Rotating Solids
Forward
This chapter is adapted from the paper “Characterization of Frequency-Chirped Dynamic Nuclear
Polarization in Rotating Solids” by Patrick T. Judge*, Erika L. Sesti*, Nicholas Alaniva, Edward
P. Saliba, Lauren E. Price, Chukun Gao, Thomas Halbritter, Snorri Th. Sigurdsson, George B.
Kyei, and Alexander B. Barnes and describes work done to characterize newly applied frequencychirped DNP on cross effect radicals, demonstrating their application in model systems and in
intact human cells. Here, parameters such as sweep time, sweep width, center frequency, and
electron Rabi frequency of the chirps are explored to determine their effect on frequency-chirped
DNP experiments. Its effectiveness is demonstrated on a trityl-nitroxide biradical, TEMTriPol-1,
and compared to a binitroxide radical, AMUPol. We demonstrate an improved sensitivity with
TEMTriPol-1 in intact human cells with this new technique. These improvements will play an
important role in future experiments involving in cell DNP NMR. Citation: Judge, P.T.*, Sesti,
E.L., Alaniva, N., Saliba, E.P., Price, L.E., Gao, C., Halbritter, T., Sigurdsson, S.Th., Kyei, G.B.,
Barnes, A.B. Characterization of Frequency-Chirped Dynamic Nuclear Polarization in Rotating
Solids. J. Magn. Reson. 2020, 313, 106702.

4.1 Overview
Continuous wave (CW) dynamic nuclear polarization (DNP) is used with magic angle spinning
(MAS) to enhance the typically poor sensitivity of nuclear magnetic resonance (NMR) by orders
of magnitude. In a recent publication we show that further enhancement is obtained by using a
frequency-agile gyrotron to chirp incident microwave frequency through the electron resonance
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frequency during DNP transfer. Here we characterize the effect of chirped MAS DNP by
investigating the sweep time, sweep width, center-frequency, and electron Rabi frequency of the
chirps. We show the advantages of chirped DNP with a trityl-nitroxide biradical, and a lack of
improvement with chirped DNP using AMUPol, a nitroxide biradical. Frequency-chirped DNP on
a model system of urea in a cryoprotecting matrix yields an enhancement of 142, 21% greater than
that obtained with CW DNP. We then go beyond this model system and apply chirped DNP to
intact human cells. In human Jurkat cells, frequency-chirped DNP improves enhancement by 24%
over CW DNP. The characterization of the chirped DNP effect reveals instrument limitations on
sweep time and sweep width, promising even greater increases in sensitivity with further
technology development. These improvements in gyrotron technology, frequency-agile methods,
and in-cell applications are expected to play a significant role in the advancement of MAS DNP.

4.2 Introduction
Dynamic nuclear polarization (DNP) is commonly used to improve the inherent insensitivity of
nuclear magnetic resonance (NMR) spectroscopy[1–13]. Typically, only continuous wave (CW)
microwave methods have been employed with magic angle spinning (MAS) DNP. The solid effect
and the cross effect are the primary DNP mechanisms used in moderate magnetic field strengths
of 5-14 Tesla (T)[14–18]. While CW approaches can significantly increase NMR sensitivity, they
have limitations. Except in certain model systems[6,19,20], the solid effect and cross effect are
inefficient at room temperature due to short longitudinal electron relaxation times. To perform CW
DNP, samples are commonly cooled to <120 K, which adds complexity not only to the
instrumentation, but also often leads to a loss of spectral resolution[14,21]. Arrested molecular
motion at these temperatures can cause substantial line broadening in most samples[3,21–23]. The
cross effect and solid effect also exhibit worse performance at higher magnetic field, with cross
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effect efficiency decreasing as 1/B0 and that of solid effect as 1/B02[15,24,25]. Therefore new
mechanisms will be required for efficient DNP at magnetic fields of 28 T and higher.
Frequency-chirped DNP techniques, such as the frequency-swept integrated solid effect (FSISE)[15,26], nuclear orientation via electron spin locking (NOVEL)[27,28], and time-optimized
pulsed (TOP) DNP[29] show promise to perform well both at high magnetic field and room
temperature. For instance, ISE yields DNP enhancements of ~150 at room temperature and is
predicted to be unaffected by the strength of the external magnetic field [15].
However, these experiments have been performed without MAS and at magnetic fields <3
T[15,27,29], primarily due to the difficulty of implementing MAS with the microwave resonators
required to generate considerable electron nutation frequencies. Frequency-swept DNP at higher
magnetic fields has also been shown to improve DNP performance[30,31], but has only recently
been implemented with MAS[32,33]. MAS improves the sensitivity and resolution of solid-state
NMR[34–38] by partially averaging anisotropic interactions of the magnetic resonance
Hamiltonian, and is a crucial aspect of applying DNP to systems of interest.
Here we characterize the behavior of frequency-chirped DNP experiments performed with MAS,
expanding on our recent work[32]. We optimize frequency chirps from a custom-built frequencyagile high-power gyrotron[39] to produce large gains in intensity beyond those obtained with CW
DNP. In addition to measuring its performance on a model system, we conduct optimized chirped
experiments on intact human Jurkat cells to demonstrate frequency-chirped DNP in a biologically
complex environment.
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Fig. 1. Frequency-chirped DNP pulse sequence and 1H enhancement profile of TEMTriPol1. (a) The frequency-chirped DNP NMR pulse sequence. Triangular waveform frequency chirps
(shown by the rainbow gradient) were applied over the polarization period (τpol), while CW
irradiation was applied during the remainder of the experiment. (b) Enhancement profile of
TEMTriPol-1 using CW DNP. CPMAS experiments were performed with a τpol of 3 s at varying
microwave frequencies to record a 1H enhancement profile of the TEMTriPol-1 radical (shown
in upper left corner). The red line represents the peak of Trityl’s EPR resonance (197.670 GHz)
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as well as the center of the frequency chirps. This enhancement profile was adapted from Judge
et al.[40]

4.3 Methods
4.3.1 NMR Experiments
MAS DNP NMR experiments were performed using a custom-built DNP spectrometer at a
magnetic field of 7.1584 T[41]. 13C and 1H Larmor frequencies were 75.4937 MHz and 300.1790
MHz, respectively. A CPMAS, rotor synchronized, Hahn echo sequence with TPPM
decoupling[42] was used for all experiments (Fig. 1a). The initial magnetization of 1H and
spins was destroyed using a saturation train. 1H and

13

13

C

C pulses were performed with nutation

frequencies of 77 kHz and 100 kHz, respectively. The Hartmann-Hahn matching condition (γB1)
for 1H and 13C was 30 kHz. Frequency chirps were applied over the DNP polarization period (τpol),
and CW microwaves were employed over the rest of the experiment. The spinning frequency was
4.5 kHz for all experiments, and the sample temperature was 90 K. Typical polarization times (τpol)
for optimized spectra were 5-times the T1 of the sample in the absence of microwaves, in order to
remove contamination of the data by differences in the nuclear T1 and the T1DNP.
Microwaves were generated using a frequency-agile gyrotron, whose output frequency was
adjusted by varying the electron acceleration potential at the electron gun anode. An arbitrary
waveform generator (AWG) integrated into the NMR spectrometer (Redstone, Tecmag Inc.
Houston, TX) was used to generate a waveform, which ramped the output frequency of the
gyrotron in a linear fashion through 197.670 GHz, the frequency of maximum DNP enhancement
of the TEMTriPol-1 radical[39]. The frequency chirps were a triangular waveform, which was
repeated over the entire polarization period. For frequency chirp optimization the incident
microwave power, the center DNP microwave frequency, and the sweep width and sweep time of
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the individual chirps were varied. The center frequency of the sweeps was varied by changing the
voltage at the gyrotron anode with the AWG amplified by a high-voltage amplifier (TREK, Inc.
Lockport, NY). The sweep width corresponded to the frequency range of one sweep/chirp (either
up or down) in MHz, and sweep time was the time to complete a sweep/chirp. Microwave power
was attenuated from full power by inserting copper foil with slits cut in it into a gap in the
waveguide to partially pass the microwave beam. The optimal power of 7 W incident on the sample
was used for most experiments, which provided an estimated electron Rabi frequency of 0.43
MHz[43].
The 13C carbonyl resonance was fit using DMfit[44] to determine resulting enhancement increases.
For all optimization spectra, the magnitude of the Hahn echo was used to calculate the percent
increase in intensity. All experiments were repeated four times to acquire adequate error values
for the measurements.

4.3.2 Sample Preparation

Experiments were performed on 4 M [U-13C,15N] urea mixed with 5 mM TEMTriPol-1 or 5 mM
AMUPol in a cryoprotecting matrix consisting of 60% d8 glycerol, 30% D2O, and 10% H2O by
volume. Intact Jurkat cells (ATCC, Manassas, VA) were cultured in [U-13C, 98%; U-15N, 98%]
BioExpress-6000 mammalian cell growth medium (Cambridge Isotope Laboratories, Tewksbury,
MA) at a concentration of 3 × 106 cells/mL in a six-well plate at 37°C and 5% CO2 for 48 hr. 3.6
× 107 cells were collected, spun at 170 g for 5 min, washed with 1× phosphate-buffered saline
(PBS), and spun again at 170 g for 5 min to remove extracellular NMR labels (g = 9.8 m/s2). 40
µL of 20 mM TEMTriPol-1 in 1×PBS with 10% DMSO was added to a cell pellet containing 36
million Jurkat cells. This suspension was centrifuged directly into the 3.2 mm zirconia rotor at 800
g for 30 s and immediately frozen in liquid nitrogen as detailed in our previous work [4].
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4.4 Results and Discussion
Frequency-chirped DNP refers to a change in the microwave frequency or intensity throughout the
course of an experiment. The frequency-chirped DNP pulse sequence is shown in Fig. 1A.
Frequency chirps (represented by the rainbow gradient) are applied over the DNP polarization
period and the resulting NMR signal is detected through a cross polarization (CP) Hahn echo
sequence. We emphasize that microwave frequency chirps result in better manipulation of the
electron spin polarization, yet the active DNP mechanism is still the cross effect.
Selection of appropriate radicals for frequency-chirped DNP is crucial due to drastic differences
in electron spin g-anisotropy and relaxation properties. In our previous demonstrations of electron
decoupling using chirped microwave pulses with MAS, we employed trityl rather than nitroxide
radicals[3,22]. Those successes led us to explore the use of trityl-nitroxide biradicals, with the
rationale that the narrow trityl resonance would be easier to manipulate and the tethered nitroxide
would provide greater DNP enhancements through the cross effect mechanism. TEMTriPol-1 is
such a biradical, consisting of a Finland trityl radical covalently linked to a 4-amino TEMPO
radical, which is used for cross effect DNP[13,45]. TEMTriPol-1 improves cross effect efficiency
at high magnetic fields. Where other biradicals, such as AMUPol, depolarize nuclear spins at 100
K in the absence of microwave irradiation, TEMTriPol-1 preserves nuclear polarization[5,46].

4.4.1 Frequency-chirped DNP on a Model System

CW DNP CPMAS experiments were performed at various microwave frequencies to record a 1H
DNP enhancement profile with TEMTriPol-1[40]. The enhancement profile shows the trityl
resonance frequency as the optimal frequency for CW DNP enhancement. This will be the target
for the center of the frequency chirps. In a 7.1584 T magnetic field, the microwave frequency for
maximum CW DNP enhancement was 197.670 GHz (Fig. 1B).
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Experiments were performed to determine the effect of frequency-chirped microwave pulses
during the polarization period of MAS DNP (Fig. 2). For comparison, cross effect DNP
experiments were performed with CW microwave irradiation. CW DNP experiments on a model
system of urea with TEMTriPol-1 resulted in an enhancement of 118 (Fig. 2, red). Enhancements
herein are defined as the NMR signal intensity recorded with DNP compared to that without
DNP[46]. For frequency-chirped DNP experiments, the microwave frequency was linearly chirped
with a triangular waveform over 197.670 GHz, with a 28 µs sweep time and a 120 MHz sweep
width. These optimized chirps yielded a 21% increase over CW DNP and an enhancement of 142
(Fig. 2, blue). Polarization times of 53 s (5×T1DNP, Fig. S1) were used to ensure that >99% of the
polarization had built up for both experiments, allowing for direct comparison of the CW and
frequency-chirped experiments.
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Fig. 2. Frequency-chirped DNP with TEMTriPol-1. Comparison of DNP spectra with
triangular frequency sweeps (blue) and CW (red) microwave irradiation using 7 W of microwave
power incident on the sample. The spectrum with no microwave irradiation is shown in black.
The triangular frequency chirps generated an increase of 21% over CW DNP. The DNP
polarization period for all three experiments was 53 s, the sweep width was 120 MHz, and the
sweep time was 28 µs.
To determine the necessity of a narrow-line radical, such as trityl, for frequency-chirped DNP,
experiments were performed on a sample containing the nitroxide-nitroxide biradical, AMUPol.
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The frequency chirps were centered at 197.674 GHz (maximum with 1H-enhancement for
AMUPol) the previously optimized sweep time of 28 µs and sweep width of 120 MHz were used.
Frequency chirps over the polarization period resulted in a decrease in signal intensity of 3%
compared to CW DNP (Fig. 3). These frequency chirps do not yield the same improved electron
spin control over the nitroxide biradical, AMUPol, as they do over TEMTriPol-1. This implies that
a narrow-line radical is required for implementation of frequency-chirped DNP.

Fig. 3. Frequency-chirped DNP with AMUPol. The polarization time was 47 s with a sweep
time of 28 µs and sweep width of 120 MHz centered at 197.674 GHz. Frequency chirps (blue)
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decreased the signal intensity by 3% compared to CW (red), providing an enhancement of 201
compared to an experiment with no microwaves incident on the sample (black).

4.4.2 Frequency-chirped DNP in Intact Jurkat Cells
The performance of frequency-chirped DNP was then examined within intact human Jurkat cells
(Fig. 4). Frequency chirps improved the NMR signal by 24%, yielding an enhancement of 6 (versus
4.8 for CW DNP). These results display the application of frequency-chirped DNP to more
complex samples of biological interest.

Fig. 4. Frequency-chirped MAS DNP in intact human cells. The polarization time was 10 s
(5×T1DNP, Fig. S1). Frequency chirps (blue) resulted in a 24% improvement in overall signal
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intensity compared to CW (red) and enhanced the NMR signal by 6 times compared to signal
without DNP (black).

4.4.3 Power Dependence of CW and Frequency-chirped DNP
To determine the dependence of CW and frequency-chirped enhancement on microwave power,
CPMAS experiments were performed with varying microwave attenuation on the TEMTriPol1/urea sample (Fig. 5). For frequency-chirped DNP the optimized triangle waveform (28 µs sweep
time and 120 MHz sweep width) was repeated over a polarization time of 20 s. 35 W of microwave
power incident on the sample (Rabi frequency of 0.95 MHz) produced a 123% increase in signal
with frequency-chirped DNP compared to CW, yielding enhancements of 17 and 8, respectively
(Fig. 5a, b). We note that such high microwave powers place the cross effect in the oversaturated
regime, leading to less overall enhancement.

Fig. 5. Frequency-chirped DNP microwave power dependence. (a) Dependence of signal
enhancement on incident microwave power, with and without frequency chirps. (b) Effect of
microwave power on average percent increase in signal area with frequency chirps over CW.
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7 W of microwave power resulted in the highest sensitivity and an improvement of 25% with
frequency-chirped DNP compared to CW. Higher microwave power yielded greater improvements
with frequency-chirped DNP over CW DNP, but the overall signal intensity obtained was
suboptimal due to saturation of the cross effect[47].

4.4.4 Characterization of Frequency-chirped DNP
The effects of sweep time, sweep width, and center frequency on the improvement with frequencychirped DNP over CW irradiation are shown in Fig. 6. For this dependence the polarization time
was 20 s; the sweep width was held constant at 80 MHz, the incident microwave power at 7 W,
and the center frequency at 197.670 GHz. Shorter sweep times increased the sensitivity to a greater
extent than longer sweep times, with the greatest improvement over CW (15%) occurring with a
20 μs sweep time (Fig. 6a). Sweep times below 20 μs were not achievable with the current
microwave frequency agility circuit, as the frequency output waveform became distorted. A sweep
time of 150 µs resulted in only a 1% improvement in signal intensity over CW. We suspect that at
longer sweep times electron spin saturation is lost through relaxation mechanisms.
The dependence of frequency-chirped DNP sensitivity on the sweep width of the frequency chirps
is shown in Fig. 6b. For this dependence the polarization time was 20 s; the sweep time was held
constant at 28 μs, the incident microwave power at 7 W, and the center frequency at 197.670 GHz.
The improvement from the frequency chirps increased as the sweep width increased. A 120 MHz
sweep width resulted in an improvement of 21%, while the signal intensity decreased by 1% with
a sweep width of 10 MHz. Due to instrument limitations, sweep widths greater than 120 MHz
could not be attained. This width is roughly that of the base of the trityl lineshape in the
enhancement profile (Fig. 1b). We previously reported a similar optimal sweep width in electron
decoupling experiments involving the Finland trityl radical[3]. Larger sweep widths provide
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microwave irradiation that is resonant with a greater number of trityl electron spins, enabling better
electron spin control and improving the efficiency of frequency-chirped DNP.
During characterization it is important to consider multiple points on the enhancement profile. Fig.
6d provides a clear picture of the effect of frequency chirping, whereas Fig. 6c shows the potential
for misinformation. The choice of irradiation frequency can lead to suspiciously high
improvements due to difference in positive and negative enhancement regions between CW and
frequency-chirped DNP. The CW enhancement profile shows maximum positive and negative
enhancements at 197.670 GHz and 197.850 GHz, respectively (Fig. 6d). Frequency chirping at
microwave frequencies lower than 197.750 GHz (positive enhancement), yielded greater
enhancements than CW (Fig. 6d). However, at frequencies greater than 197.750 GHz (negative
enhancement), the frequency-chirped DNP provided lower signal intensity than CW DNP.
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Fig. 6. Experimental parameter optimization for frequency-chirped DNP on urea with
TEMTriPol-1. (a) Sweep time dependence using a 80 MHz sweep width centered at a gyrotron
frequency of 197.670 GHz. (b) Sweep width dependence using a 28 µs sweep time centered at
197.670 GHz. (c) The percent increase of frequency-chirped DNP over CW DNP, using the points
from the enhancement profile in (d). The order-of-magnitude larger increases/decreases are due to
the different positive/negative enhancement crossing points for the two methods. (d) Enhancement
profiles for CW DNP (red) and frequency-chirped DNP (black). A 20 s polarization time was used
for all experiments.
Note that at this point we have simply demonstrated the methodology of performing frequencychirped DNP experiments with TEMTriPol-1. To compare the sensitivity of the experiments with
TEMTriPol-1 and AMUPol, we can divide the signal-to-noise from each experiment by the square
root of the polarization time for the respective experiments. In doing so, we obtain a sensitivity of
79 with AMUPol (Fig. 3) and 73 with TEMTriPol-1 (Fig. 2). Thus, while the sensitivity of the
experiments performed on each radical are similar at this stage, advances in instrumentation that
enable greater sweep times and sweep widths will make frequency-chirped DNP experiments with
TEMTriPol-1 more sensitive than AMUPol, and thus more feasible for sensitivity-demanding,
multidimensional experiments.

4.5 Conclusions and Outlook
To date, frequency-chirped DNP experiments, such as FS-ISE, NOVEL, and TOP DNP, have been
largely restricted to static samples due to the difficulties of housing microwave resonators with the
instrumentation required for magic angle spinning (MAS). Here, we have characterized the
optimal experimental conditions for frequency-chirped MAS DNP. At a magnetic field of 7 T and
with 7 W of microwave power, frequency-chirped microwaves over the polarization period
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improved DNP enhancements by 21%. Greater microwave powers resulted in up to 123%
improvements with frequency-chirped DNP, but saturation of the cross effect resulted in less
overall signal intensity.
These optimized frequency-chirped experiments were applied to a more biologically complex
sample: intact Jurkat cells. This resulted in an improvement in signal intensity of 24% over CW
DNP. Characterization of the parameters of frequency-chirped DNP revealed areas for further
improvements to elicit even greater sensitivity. More powerful gyrotrons with larger frequency
bandwidths, and gating mechanisms for chirps can be developed to increase sweep widths and
shorten the sweep times, thus improving electron spin control. To take full advantage of frequencychirped DNP at high power and high electron Rabi frequencies, duty cycling of the microwaves
can be implemented to reduce dielectric heating[29]. We expect optimization of the waveform,
with respect to both intensity and phase, to result in improved frequency-chirped DNP MAS
performance. Future studies could analyze the effect of the spinning frequency on the enhancement
achieved by frequency chirped DNP over CW DNP. Both the solid effect and cross effect are
driven by interactions between the spin system, the microwave field, and the spinning rotor.
Understanding these effects will prove crucial in the future development of DNP, as MAS
frequencies and magnetic fields are pushed to ever higher values.
New radicals composed of tethered broad and narrow line radicals are currently being investigated
with useful electronic properties such as long longitudinal relaxation times. Longer relaxation
times will afford even more electron spin control with frequency-chirped DNP. Although the
precise mechanism governing the improvement in sensitivity will require further investigation, it
is possible that it is governed by an adiabatic process. As such, future experiments could focus on
maintaining a constant sweep rate by simultaneously varying the sweep time and sweep width in
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an inverse manner. This could prove important, as adiabatic processes often show a remarkable
resilience to microwave inhomogeneities and frequency offsets arising from difference in
molecular orientation and conformations in a solid sample. These techniques can be paired with
other advances in instrumentation such as higher power microwave sources and microwave lenses
for improved microwave intensity and high frequency MAS for 1H detected spectra in future
experiments. These could allow for the implementation of pulsed DNP mechanisms such as
electron-nuclear cross polarization at high magnetic fields in the foreseeable future.
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Chapter 5: Interactions between Cholesterol and the
C1b Regulatory domain of PKC-δ in the Presence of
Modulating Ligands
Forward
Molecular dynamics is a powerful tool capable of studying the structure and dynamics of proteins
with atomistic detail. Here, molecular dynamics simulations are used to examine the C1b
regulatory domain of PKC-δ when bound to a range of modulating ligands. Phorbol and bryostatin
are known modulators that bind to the same region of the C1b domain and with similar affinity yet
elicit vastly different cellular effects. To date, the reasoning behind these different cellular
responses is not known. In this chapter, this problem is investigated from the angle of how the
complexes interact with the membrane in which they are embedded. Through simulations of the
complexes in a heterogeneous membrane mimicking that which would be observed in a cellular
environment, it is shown that bryostatin- and phorbol-bound complexes interact with cholesterol
to different extents. These interactions appear to be determined by membrane insertion depth and
tilt angle, exposing more backbone residues for hydrogen bonding with membrane cholesterol.
This result suggests that the signaling differences between byrostatin and phorbol could be due to
altered localization in membrane microdomains, and therefore, different access to substrates for
subsequent phosphorylation. This hypothesis is tested by comparing these results to simulations
involving the C1b domain bound to a bryostatin analogue – Merle27. Combined with the previous
chapters, a plan for investigating the differences between the bryostatin- and phorbol-bound
complexes by MAS DNP-NMR in vitro is proposed.
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5.1 Overview
Protein kinase C, belonging to the family of serine/threonine kinases, is a widely studied kinase
involved in many important signaling transduction pathways. As such, it is a therapeutic target for
a wide range of diseases including cancer, cardiovascular diseases, HIV/AIDS, and Alzheimer’s.
Two classes of ligands, phorbol esters and bryostatin, are known modulators of PKC-δ through
binding to the C1b regulatory domain. Bryostatin is a potential therapeutic currently undergoing
clinical trials for Alzheimer’s and HIV/AIDS, while phorbol esters are known to be tumor
promoters, despite both ligands binding to the same site with similar affinity. To date, it is still
unknown why these ligands elicit such contrasting effects in the cell. Here molecular dynamics
simulations are used to investigate the structure and intermolecular interactions of these ligands
bound to the C1b regulatory domain of PKC-δ and with heterogeneous membranes. Notably, the
C1b-phorbol complex displays clear interactions with cholesterol primarily via the amide
hydrogen on Leu250. Additionally, simulations with the C1b domain bound to the bryostatin
analogue Merle27 show predominant interactions between cholesterol and Trp252. However, the
C1b-bryostatin complex does not exhibit any interactions between cholesterol and Leu250 or
Trp252. Topological maps of the insertion depth and angle of orientation of the complexes in the
membrane suggest that differences in these topological characteristics modulate the interactions
with cholesterol, as well as differences in protein-ligand interactions. The lack of cholesterol
interactions suggests that the bryostatin bound complex may not favorably translocate to
cholesterol-rich domains in the cell, altering the substrate specificity of PKC-δ compared to the
phorbol-bound complex.

5.2 Introduction
Protein Kinase C (PKC) belongs to a family of serine/threonine kinases and play an important role
in cellular responses1,2 involved in cell growth, proliferation and apoptosis, making them
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therapeutic targets related to the eradication of HIV/AIDS, Alzheimer’s treatment, and cancers3–7.
Novel and conventional PKC’s are activated endogenously by diacylglycerol. PKC-δ belongs to
the novel class of PKC isoforms, which have a calcium-independent C2 domain. The C1 domain
comprises the C1a and C1b regulatory domains and plays a predominant role in anchoring PKC to
the plasma membrane through binding to ligands8–10. The ligand binding site is formed from two
hydrophobic loops that form a hydrophilic pocket that interacts with the glycerol backbone of the
native ligand, diacylglycerol. Ligand binding results in a hydrophobic surface that favors insertion
into the membrane. Below this surface are 4 positively charged lysine residues that interact with
negatively charged headgroups such as phosphatidylserine. For this reason, phosphatidylserine is
a lipid whose presence is necessary for PKC- activation. The final third of the protein contains
twin zinc finger motifs that are important for proper folding of the domain11–13.
Cell membranes are bilayers composed primarily of phospholipids. Other lipids, such as sterols,
ceramides, and sphingolipid, are also important for proper membrane function. Cholesterol is the
most common sterol found in mammalian cells, and is crucial to cellular function through
processes such as interactions with membrane proteins and the formation of lipid rafts14–18. Lipid
rafts serve an important role in the cell membrane, controlling cell signaling through association
with kinases and phosphatases and influencing the ability of intracellular pathogens to enter and
exit the cell19–21. Cholesterol is also important for regulating membrane structure, thickness, and
membrane fluidity. Through its effects on membrane characteristics, cholesterol can thus have an
indirect effect on cellular signaling along with its direct effect through interactions with membrane
proteins18,22,23.
Two known exogenous modulators of PKC-δ are phorbol esters and bryostatin. Bryostatin and
phorbol esters bind to the same region of the C1b regulatory domain as diacylglycerol and is
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currently undergoing clinical trials as a potential therapeutic for the eradication of HIV/AIDS and
as treatment for Alzheimer’s24–26. Phorbol, on the other hand, binds to the same site of the C1b
domain with the same affinity as bryostatin, yet is a well-known tumor promotor27. It is currently
unknown why these two ligands with such similar binding characteristics result in such different
cellular responses.
While recent studies have started to focus on the C1b domain’s properties when bound to different
modulators28, little is known about how this domain interacts with its immediate membrane
environment when bound to modulators such as phorbol and bryostatin. This study uses molecular
dynamics simulations to explore the interactions between these different protein-ligand complexes
and the surrounding membrane, looking specifically at differences in how these complexes interact
with cholesterol. MD simulations are a useful tool for studying such protein/ligand/membrane
interactions with atomistic detail. They can provide a strong foundation for the potential structure
and dynamics of these complexes that could be observed within their natural environment. With
the results detailed herein, a working hypothesis for why phorbol and bryostatin elicit such
different cellular responses is posed, as well as several layers of experimental testing that can take
place in vitro to validate the findings in silico.

5.3 Methods
5.3.1 Preparation of Protein-Ligand Complexes
5.3.1.1 C1b-Phorbol Complex
The crystal structure of the C1b regulatory domain of PKC-δ bound to phorbol 13-acetate was
obtained from the RCSB Protein Data Bank (PDB ID: 1PTR). The Orientation of Proteins in
Membranes (OPM) PPM server29 was used for obtaining a structure with the initial orientation and
insertion depth into a membrane and was saved as a PDB file. This structure was then used in the
Membrane Builder module of the online CHARMM-GUI interface30, which creates a pre88

equilibrated membrane around the inserted protein. A heterogeneous membrane bilayer with
cholesterol

(CHL1),

phosphatidylethanolamine

(POPE),

phosphatidylcholine

(POPC),

phosphatidylserine (SOPS), phosphatidic acid (POPA), phosphatidylinositol (PLPI35), and
sphingomyelin (CER160) was constructed with lipid composition shown in Table 1. A water
height of 17 was used with the TIP3P water model, and a neutralizing amount of ions were added
using the replacement method. Input files for GROMACS31 were generated for use with the
CHARMM36m32 forcefield and a system temperature of 310.15 kelvin. This process was repeated
for a total of 5 C1b/phorbol systems.
Membrane Component

Upper Leaflet Number

Lower Leaflet Number

Cholesterol

14

13

POPC

13

12

POPE

18

17

SOPS

8

7

POPA

2

1

PLPI35

4

3

CER160

7

6

Total

66

59

Table 1: Membrane composition for C1b-phorbol simulations. Lower leaflet numbers are slightly
lower due to the presence of the inserted C1b-phorbol complex.
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Upper Leaflet Number

Lower Leaflet Number

Cholesterol

16

16

POPC

15

13

POPE

19

18

SOPS

8

8

POPA

3

2

PLPI35

5

4

CER160

7

6

Total

73

67

Table 2: Membrane composition for C1b-bryostatin- and C1b-Merle27 simulations. Lower leaflet
numbers are slightly lower due to the presence of the inserted C1b-ligand complex.
5.3.1.2 C1b-Bryostatin and C1b-Merle 27 Complexes
As above, the crystal structure of the C1b regulatory domain of PKC-δ bound to phorbol 13-acetate
was obtained (PDB ID: 1PTR). The ligand was removed using BIOVIA Discovery Studio
Visualizer (BIOVIA (2020), Dassault Systemes, San Diego, CA). The bryostatin and Merle 27
structures were sketched as a mol2 files in BIOVIA Discovery Studio Visualizer. The AutoDock
Tools package33 was used to create pdbqt files of the protein and ligands. The size of the threedimensional grid box for docking was set to 18, 26, 16 (x, y, z) and centered at 10.707, 21.52,
25.199 (x, y, z). The docking was performed using AutoDock Vina in Ubuntu 16.4 with
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exhaustiveness = 10 and energy_range = 5 kcal/mol. From the resulting files, one structure
exhibited the expected interaction between the C1 carbonyl on bryostatin/Merle 27 with Gly253.
This structure was used, and the same steps outlined in section 5.3.1.1 were used to generate input
files for GROMACS, with a membrane composition shown in Table 2. As with phorbol, this
process was repeated for a total of 5 C1b-bryostatin and 5 C1b-Merle 27 systems. The RMSD
between the post equilibration structures for the C1b-bryostatin and C1b-phorbol simulations was
0.398 Å, and 0.364 Å for the C1b-Merle27 and C1b-phorbol structures.

5.3.2 Molecular Dynamics Simulations
All 15 systems comprising the three C1b/ligand complexes were energy minimized, equilibrated,
and simulated using the CHARMM36m forcefield with GROMACS. All systems were simulated
out to 500 ns (2.5 microseconds total for each complex). Necessary residues of the C1b domain
crystal structure were mutated to model human PKC. Cysteines involved in zinc ion coordination
were deprotonated, and all other residues were protonated as dictated by their pKa values at pH
7.4. Zinc ions were restrained so that they remained coordinated within their zinc finger motifs
with harmonic springs. A lack of restraints resulted in loss of coordination of the zinc ions with
their respective residues. Energy minimization was completed with the steepest descent method
for a maximum of 5000 steps. Equilibration for a total time of 1125 picoseconds with a pressure
of 1 bar and reference temperature of 310.15 kelvin was carried out. All bonds with rigid hydrogen
atoms were kept with the LINCS algorithm, and long-range electrostatic interactions were
investigated with the particle-mesh Ewald algorithm. The production runs were carried out at
310.15 K with times steps of 2 femtoseconds.

5.3.3 Data Analysis

Data analysis was carried out using home written PYTHON code, including MDTraj34 to read the
trajectories into the code. Heat maps were obtained by tracking the x and y position of the oxygen
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on cholesterol and the phosphate on the phosphatidylserine lipids in the lower leaflet housing the
protein-ligand complexes. The same method was used for obtaining the average position of the
backbone of the c1b domain. Visual Molecular Dynamics35 was used to observe the structure and
trajectories for each system.

5.4 Results and Discussion
Lipids play an important role in cellular signaling, especially through their interaction with
membrane-associated proteins17,23 and the formation of membrane microdomains18,21. Partitioning
of proteins into and out of microdomains such as lipid rafts is a key regulatory mechanism for a
number of receptor complexes such as T-cell receptors, EGF receptors, and H-Ras receptors36–39.
As such, interactions between the PKC-δ C1b domain and membrane lipids such as
phosphatidylserine (SOPS) and cholesterol could dictate the cellular response after the binding of
a modulator such as phorbol esters or bryostatin and its analogues.

5.4.1 C1b-Phorbol and C1b-Bryostatin Interactions with SOPS Lipids

Phosphatidylserine is known to be an important lipid in the activation of PKC-δ40,41. Its negatively
charged phosphate headgroup stabilizes the C1b domain in the membrane through interacting with
positively charged lysine residues in the middle third of the C1b domain around the surface of the
membrane. To validate (preliminarily) the MD simulations presented, interactions between SOPS
and lysine residues of PKC-δ were investigated. Figure 1A-E shows heatmaps of the
phosphatidylserine headgroups in each of the 5 simulations with the C1b domain bound to phorbol.
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Figure 1: Heatmaps of SOPS lipid positions in each of the 10 total C1b-phorbol (A-E) and C1bbryostatin (F-G) simulations. Areas of high intensity are regions frequented by the SOPS lipids.
Red dots represent the average position of each backbone residue on the C1b domain. Also shown
are representative SOPS-Lysine interactions from the C1b-phobol (K,L) and C1b-bryostatin (M,N)
simulations.
Figure 1 shows prolonged interactions between SOPS and PKC in both the C1b-phorbol and C1bbryostatin simulations. Similar regions around the protein-ligand complexes are more likely to be
occupied by SOPS lipids. In particular, inspection of the PKC structures revealed extension of the
Lys271 side chain out towards the bilayer and interacting with SOPS head groups. In C1b-phorbol,
system 5, for example, interactions between Lys271 and SOPS headgroups lasted for over 300 ns
of the 500ns simulation (cutoff between Lys271 amine nitrogen and SOPS phosphorus of < 6Å).
These regions around the protein favored by SOPS lipids are areas where lysine side chains extend
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out from the protein, forming interactions with the SOPS lipids, an example of which can be seen
in Figure 1K-N for each C1b-ligand complex.

5.4.2 C1b-Phorbol and C1b-Bryostatin Interactions with Cholesterol

Cholesterol is an important cellular signaling membrane lipid in cells14–18,22. In T-cells, PKC is
known to translocate toward lipid rafts, which are cholesterol rich regions in the cell, resulting in
cytokine production42. Furthermore, studies with the native ligand diacylglycerol suggests a role
for ligand-cholesterol interactions in amplifying the activity of PKC43. Thus, it is likely that
interactions with cholesterol could play a major role in regulating cellular responses following
PKC activation with different modulators. Figure 2A-E shows heat maps of cholesterol positions
in all 5 simulations of the C1b domain bound to phorbol.

Figure 2: Heatmaps of Cholesterol positions in each of the 10 total C1b-phorbol (A-E) and C1bbryostatin (F-G) simulations. Areas of high intensity are regions frequented by cholesterol. Red
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dots represent the average position of each backbone residue on the C1b domain. Also shown are
representative Leu250-cholestrol interactions from the C1b-phobol simulations (K,L).
The heatmaps shown in Figure 2 indicate that L250 forms a stable interaction between the
backbone N-H proton of L250 and the cholesterol hydroxyl (Figure 2K,L). Across all 5 C1bphorbol simulations, L250-cholesterol interactions were present for over 1 microsecond of the total
2.5 microseconds of simulation (over 40% of the total simulation time, cutoff < 3Å).
Contrarily, in the 5 simulations of the C1b domain bound to bryostatin, this Leu250-cholesterol
interaction is not present (cutoff < 3Å). Figure 2F-J shows positional heatmaps of the cholesterol
lipids in the 5 bryostatin-bound simulations. Simulations 2 and 5 for the C1b-brysostatin complex
(Figure 2G and Figure 2J, respectively) do indicate an increased presence of cholesterol near
what is the C-terminal end of the C1b domain. Inspection of the trajectories revealed that this is
not the case. In the heatmap’s 2D format, there appears to be an interaction, but in 3D these
interactions do not exist. Manual inspection of the simulations revealed L250 to not be inserted
into the membrane, thus precluding interaction with cholesterol.
To assess this hypothesis, topological heat maps were generated to determine the average insertion
depth and tilt angle of the PKC-ligand complexes. Figure 3 shows the C1b domain inserts deeper
into the membrane when bound to phorbol, averaging about a 7 Å insertion depth compared to 5
Å when bound to bryostatin and is oriented at a slightly different angle. The effect that this change
in topology has on the positioning of the Leu250 residue with respect to the cholesterol headgroups
is shown in Figure 4.
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Figure 3: Topological heatmaps of the insertion depth and angle of orientation of the C1b-ligand
complexes for C1b-phorbol (left) and C1b-bryostatin (right). Each heatmap is an average for all 5
simulations for each complex. Areas of greater intensity represent topologies more frequently
found in each simulation.
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Figure 4: Images showing the positioning of the Leu250 residue (orange in both figures) relative
to the cholesterol headgroups in a C1b-phorbol (left) simulation and C1b-bryostatin (right)
simulation. The N-H hydrogen is drawn is pictured as an orange sphere on Leu250.
When inserted deep enough into the membrane, as is the case for the C1b-phorbol complex, the
Leu250 residue on the C1b domain is free to interact with the surrounding cholesterol lipids.
However, the C1b domain when bound to bryostatin is inserted too shallowly in the membrane for
these interactions to occur. Mutation of Leu250 to glycine is known to result in abrogated activity
of PKC, due potentially to reduced lipid interactions44. Thus, the shallower binding mode elicited
by the bryostatin-bound complex may have an important role in dictating the potential interactions
PKC-δ has with surrounding lipids and its inclusion or exclusion from lipid rafts. Since the C1b
domain is the primary determinant of membrane association of the novel class of PKC’s8,9,40, this
could influence the cellular localization of the protein.

5.4.3 C1b-Merle27 Simulations
To further investigate this hypothesis, MD simulations were performed on the C1b domain when
bound to a bryostatin analogue known as Merle27. Merle27 is a bryostatin analogue that is known
to elicit cellular responses that are more similar to those initiated by phorbol, rather than
bryostatin45. Again, as a preliminary validation tool, interactions between the C1b domain and
SOPS lipids were investigated (Figure 5). As expected, interactions between SOPS and the lysine
residues was observed (Figure 5F,G). Indeed, when comparing the topological heatmaps of the
C1b-ligand complexes in Figure 3, the membrane insertion of C1b-Merle27 complex is more
similar to that of phorbol than bryostatin, as it inserts more deeply into the membrane. However,
the cholesterol heatmaps shown in Figure 6 show that the C1b-Merle27 complex does not exhibit
as much of a propensity to interact with cholesterol through the Leu250 residue (interactions for
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less than 15%, cutoff 3Å) but there is a significant C1b-cholesterol interaction that forms through
Trp252 (20%, cutoff 3Å).

Figure 5: Heatmaps of SOPS positions in each of the 5 C1b-Merle27 simulations (A-E). Areas of
higher intensity represent areas more frequently occupied by SOPS lipids. Red dots represent the
average position of each backbone residue on the C1b domain. Also shown are representative
SOPS-Lysine interactions from the C1b-Merle27 simulations (F,G).
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Figure 6: Heatmaps of cholesterol positions in each of the 5 C1b-Merle27 simulations (A-E).
Areas of higher intensity represent areas more frequently occupied by cholesterol. Red dots
represent the average position of each backbone residue on the C1b domain. Also shown is an
image of the acyl chain of Merle27 extending out to Leu250, in pink (F), a representative
interaction between Trp252, in pink, and cholesterol in the C1b-Merle27 simulations (G,H), and
an image Trp252, in pink, interacting with bryostatin in the C1b-bryostatin simulations (I).
The acyl chain on Merle 27 extends out near Leu250, sterically hindering access of cholesterol to
this residue. Thus, interactions between Leu250 and cholesterol were reduced, but still present.
There were instances where the acyl chain on cholesterol interacted with the acyl chain on
Merle27, but this was not a common interaction found in the simulations. Interestingly, another
hotspot for cholesterol appears to involve residue Trp252 (Figure 6G,H).
In the C1b-Merle27 simulations, the Trp252 sidechain extends away from the ligand, enabling it
to interact with nearby cholesterol lipids. In the C1b-bryostatin simulations, however, it can be
seen that the indole nitrogen of Trp252 is turned in toward bryostatin, stabilizing the protein-ligand
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complex (Figure 6I). This makes the Trp252 side chain unavailable for interactions with
cholesterol.
These simulations suggest that interactions between the C1b domain and cholesterol could play an
important role in influencing the cellular responses elicited from different modulators. The C1bphorbol and C1b-Merle27 complexes exhibit consistent predominant interactions with cholesterol
through Leu250 and Trp252, respectively. Through changes in topology and differences in proteinligand interactions, these cholesterol interactions are not present in the C1b-bryostatin simulations.
The lack of cholesterol interactions may serve a critical role in modulating the cellular localization
of PKC, thus having an effect on which substrates are accessible to the kinase. This could have a
profound impact on which cellular responses are triggered through modulators binding to the C1b
domain.

5.5 Conclusions and Outlook
Through molecular dynamics simulations, a reasonable hypothesis can be proposed for why
bryostatin and phorbol elicit different cellular effects within the cell. Namely, that cholesterol
interactions with the C1b domain drive the cellular localization of the protein, affecting the
substrate specificity of PKC. Through topological changes and variations in protein-ligand
interactions, the C1b domain displays a significant decrease in cholesterol interactions when bound
to bryostatin when compared to the C1b-phorbol and C1b-Merle27 complexes. This decrease in
the C1b domain’s interactions with cholesterol when bound to byrostatin could affect its likelihood
of translocating to cholesterol-rich regions of the cell membrane, such as lipid rafts, which will
alter which substrates have accessibility to the active site of PKC-δ.
With this working hypothesis, in vitro solid-state NMR experiments can be performed to verify
whether or not these characteristics are likely to persist in a cellular membrane. By introducing
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17

O-labelled cholesterol into the phosphatidylserine lipid vesicles, interactions between the

cholesterol and a singly labelled

15

N-Leu250 or

15

N-Trp252 residue can be explored and

quantified. Furthermore, selective labelling on bryostatin and these same residues on the C1b
domain can also be used to determine if the bound conformation of bryostatin does inhibit
cholesterol interactions with those residues on the protein. While labelling cholesterol with

17

O

would be ideal, experiments performed with 13C or 19F labelled cholesterol may be more tractable
for initial experiments.
If the in vitro results support the hypothesis derived from the molecular dynamics simulations, it
would ultimately be beneficial to confirm them with in-cell DNP. Ffurther improvements upon the
sensitivity enhancements produced in chapters 2-4 will make these experiments more tractable.
Improvements can be made through a combination of increasing microwave power, improving
microwave coupling to the sample in the NMR rotor, and optimizing microwave polarization.
These examples are outlined in more detail in Chapter 6.
Author Contributions:
-

Planning and direction of molecular dynamics simulations was a collaboration
between Patrick Judge, Sarah Overall, and Alexander Barnes

-

Analysis of simulations was performed by Patrick Judge

-

Chapter was written and compiled by Patrick Judge

5.6 References
1.

Nishizuka Y. Protein kinase C and lipid signaling for sustained cellular responses. FASEB
J. 1995;9(7):484-496. doi:10.1096/fasebj.9.7.7737456

2.

Takai Y, Kishimoto A, Kikkawa U, Mori T, Nishizuka Y. Unsaturated diacylglycerol as a
possible messenger for the activation of calcium-activated, phospholipid-dependent protein
kinase system. Biochem Biophys Res Commun. 1979;91(4):1218-1224. doi:10.1016/0006101

291X(79)91197-5
3.

Wender PA, Kee J-M, Warrington JM. Practical Synthesis of Prostratin, DPP, and Their
Analogs, Adjuvant Leads Against Latent HIV. Science (80- ). 2008;320(5876):649-652.
doi:10.1126/science.1154690.Practical

4.

DeChristopher BA, Loy BA, Marsden MD, Schrier AJ, Zack JA, Wender PA. Designed,
Synthetially Accessible Bryostatin Analogues Potently Induce Activation of Latent HIV
Reservoirs in vitro. Nat Chem. 2012;4:705-710. doi:10.1038/nchem.1395.Designed

5.

Mehla R, Bivalkar-Mehla S, Zhang R, et al. Bryostatin modulates latent HIV-1 infection
via PKC and AMPK signaling but inhibits acute infection in a receptor independent manner.
PLoS One. 2010;5(6). doi:10.1371/journal.pone.0011160

6.

Alkon DL, Sun MK, Nelson TJ. PKC signaling deficits: a mechanistic hypothesis for the
origins of Alzheimer’s disease. Trends Pharmacol Sci. 2007;28(2):51-60.
doi:10.1016/j.tips.2006.12.002

7.

Khan TK, Nelson TJ, Verma VA, Wender PA, Alkon DL. A cellular model of Alzheimer’s
disease therapeutic efficacy: PKC activation reverses Aβ-induced biomarker abnormality
on cultured fibroblasts. Neurobiol Dis. 2009;34(2):332-339. doi:10.1016/j.nbd.2009.02.003

8.

Stahelin R V., Wang J, Blatner NR, Rafter JD, Murray D, Cho W. The origin of C1A-C2
interdomain interactions in protein kinase Cα. J Biol Chem. 2005;280(43):36452-36463.
doi:10.1074/jbc.M506224200

9.

Giorgione JR, Lin JH, McCammon JA, Newton AC. Increased membrane affinity of the C1
domain of protein kinase Cδ compensates for the lack of involvement of its C2 domain in
membrane
recruitment.
J
Biol
Chem.
2006;281(3):1660-1669.
doi:10.1074/jbc.M510251200

10.

Stahelin R V., Digman MA, Medkova M, et al. Mechanism of diacylglycerol-induced
membrane targeting and activation of protein kinase Cδ. J Biol Chem. 2004;279(28):2950129512. doi:10.1074/jbc.M403191200

11.

Xu RX, Pawelczyk T, Xia TH, Brown SC. NMR structure of a protein kinase C-γ phorbolbinding domain and study of protein-lipid micelle interactions. Biochemistry.
1997;36(35):10709-10717. doi:10.1021/bi970833a

12.

Zhang G, Kazanietz MG, Blumberg PM, Hurley JH. Crystal structure of the Cys2 activatorbinding domain of protein kinase Cδ in complex with phorbol ester. Cell. 1995;81(6):917924. doi:10.1016/0092-8674(95)90011-X

13.

Hommel U, Zurini M, Luyten M. Solution structure of a cysteine rich domain of rat protein
kinase C. Nat Struct Biol. 1994;1(6):383-387. doi:10.1038/nsb0694-383

14.

Ohvo-Rekilä H, Ramstedt B, Leppimäki P, Peter Slotte J. Cholesterol interactions with
phospholipids in membranes. Prog Lipid Res. 2002;41(1):66-97. doi:10.1016/S0163102

7827(01)00020-0
15.

Epand RM. Cholesterol and the interaction of proteins with membrane domains. Prog Lipid
Res. 2006;45(4):279-294. doi:10.1016/j.plipres.2006.02.001

16.

PE K, M L. The sterol-sensing domain: multiple families, a unique role? Trends Genet.
2002;18(4):193-201. http://www.wormbase.org/db/misc/paper?name=WBPaper00005195.

17.

Incardona JP, Eaton S. Cholesterol in signal transduction. Curr Opin Cell Biol.
2000;12(2):193-203. doi:10.1016/S0955-0674(99)00076-9

18.

Edidin M. The state of lipid rafts: From model membranes to cells. Annu Rev Biophys
Biomol Struct. 2003;32:257-283. doi:10.1146/annurev.biophys.32.110601.142439

19.

Kabouridis PS, Janzen J, Magee AL, Ley SC. Cholesterol depletion disrupts lipid rafts and
modulates the activity of multiple signaling pathways in T lymphocytes. Eur J Immunol.
2000;30(3):954-963.
doi:10.1002/1521-4141(200003)30:3<954::AIDIMMU954>3.0.CO;2-Y

20.

Simons K, Toomre D. Lipid Rafts and Signal transduction. Nat Rev Mol Cell Biol.
2000;1:31-41.

21.

Van Der Goot FG, Harder T. Raft membrane domains: From a liquid-ordered membrane
phase to a site of pathogen attack. Semin Immunol. 2001;13(2):89-97.
doi:10.1006/smim.2000.0300

22.

Lundbæk JA, Andersen OS, Werge T, Nielsen C. Cholesterol-induced protein sorting: An
analysis of energetic feasibility. Biophys J. 2003;84(3):2080-2089. doi:10.1016/S00063495(03)75015-2

23.

Mcintosh T, Simon S. Roles of bilayer material properties in function and distribution of
membrane properties. Annu. Rev. Biophys. Biomolec. Struct. 35, 177-198. Annu Rev
Biophys Biomol Struct. 2006;35:177-198. doi:10.1146/annurev.biophys.35.040405.102022

24.

Pettit GR, Herald CL, Doubek DL, Herald DL, Arnold E, Clardy J. Isolation and Structure
of Bryostatin 1. J Am Chem Soc. 1982;104(24):6846-6848. doi:10.1021/ja00388a092

25.

PETTIT GR, DAY JF, HARTWELL JL, WOOD HB. Antineoplastic Components of
Marine Animals. Nature. 1970;227(5261):962-963. doi:10.1038/227962a0

26.

Wender PA, Hardman CT, Ho S, et al. Scalable synthesis of bryostatin 1 and analogs,
adjuvant leads against latent HIV. Science (80- ). 2017;358(6360):218-223.
doi:10.1126/science.aan7969

27.

Nishizuka Y. The role of protein kinase C in cell surface signal transduction and tumour
promotion. Nature. 1984;308(5961):693-698. doi:10.1038/308693a0

28.

Ryckbosch SM, Wender PA, Pande VS. Molecular dynamics simulations reveal ligand103

controlled positioning of a peripheral protein complex in membranes. Nat Commun.
2017;8(1):6. doi:10.1038/s41467-016-0015-8
29.

Lomize MA, Pogozheva ID, Joo H, Mosberg HI, Lomize AL. OPM database and PPM web
server: Resources for positioning of proteins in membranes. Nucleic Acids Res.
2012;40(D1):370-376. doi:10.1093/nar/gkr703

30.

Jo S, Kim T, Iyer VG, Im W. A Graphical User Interface for Computational Chemistry
Softwares. J Comput Chem. 2008;29:1859-1865. doi:10.1002/jcc

31.

Brooks BR, Brooks III CL, Mackerell Jr. AD, et al. CHARMM: The Biomolecular
Simulation Program B. J Comput Chem. 2009;30:1545-1614. doi:10.1002/jcc

32.

Lee J, Cheng X, Swails JM, et al. CHARMM-GUI Input Generator for NAMD,
GROMACS, AMBER, OpenMM, and CHARMM/OpenMM Simulations Using the
CHARMM36 Additive Force Field. J Chem Theory Comput. 2016;12(1):405-413.
doi:10.1021/acs.jctc.5b00935

33.

Sanner MF. Python: a programming language for software integration and development. J
Mol Graph Model. 1999;17(1):57-61.

34.

McGibbon RT, Beauchamp KA, Harrigan MP, et al. MDTraj: A Modern Open Library for
the Analysis of Molecular Dynamics Trajectories. Biophys J. 2015;109(8):1528-1532.
doi:10.1016/j.bpj.2015.08.015

35.

Frishman D, Argos P. Knowledge-based protein secondary structure assignment. Proteins
Struct Funct Genet. 1995;23:566-579.

36.

Janes PW, Ley SC, Magee AI, Kabouridis PS. The role of lipid rafts in T cell antigen
receptor
(TCR)
signalling.
Semin
Immunol.
2000;12(1):23-34.
doi:10.1006/smim.2000.0204

37.

Langlet C, Bernard AM, Drevot P, He HT. Membrane rafts and signaling by the multichain
immune recognition receptors. Curr Opin Immunol. 2000;12(3):250-255.
doi:10.1016/S0952-7915(00)00084-4

38.

Waugh MG, Lawson D, Hsuan JJ. Epidermal growth factor receptor activation is localized
within low-buoyant density, non-caveolar membrane domains. Biochem Soc.
1999;597(337):591-597.

39.

Roy S, Luetterforst R, Harding A, et al. Dominant-negative caveolin inhibits H-Ras function
by disrupting cholesterol-rich plasma membrane domains. Nat Cell Biol. 1999;1(2):98-105.
doi:10.1038/10067

40.

Stahelin R V., Digman MA, Medkova M, et al. Mechanism of diacylglycerol-induced
membrane targeting and activation of protein kinase Cδ. J Biol Chem. 2004;279(28):2950129512. doi:10.1074/jbc.M403191200

104

41.

Medkova M, Cho W. Differential membrane-binding and activation mechanisms of protein
kinase C-α and -ε. Biochemistry. 1998;37(14):4892-4900. doi:10.1021/bi972495j

42.

Bi K, Tanaka Y, Coudronniere N, et al. Antigen-induced translocation of PKC-θ to
membrane rafts is required for T cell activation. Nat Immunol. 2001;2(6):556-563.
doi:10.1038/88765

43.

Armstrong D, Zidovetzki R. Amplification of diacylglycerol activation of protein kinase C
by cholesterol. Biophys J. 2008;94(12):4700-4710. doi:10.1529/biophysj.107.121426

44.

Kazanietz MG, Wang S, Milne GWA, Lewin NE, Liu HL, Blumberg PM. Residues in the
second cysteine-rich region of protein kinase C δ relevant to phorbol ester binding as
revealed by site-directed mutagenesis. J Biol Chem. 1995;270(37):21852-21859.
doi:10.1074/jbc.270.37.21852

45.

Keck GE, Li W, Kraft MB, Kedei N, Lewin NE, Blumberg PM. The bryostatin 1 A-ring
acetate is not the critical determinant for antagonism of phorbol ester-induced biological
responses. Org Lett. 2009;11(11):2277-2280. doi:10.1021/ol900585t

105

Chapter 6: Conclusions and Future Outlook
6.1 Conclusions for Increasing DNP NMR Sensitivity
Chapters 2 through 4 form a foundation for improving the sensitivity of DNP NMR for both
solid effect and cross effect radicals to be applied in human cells. It is shown that lowering the
sample temperature from 90 K to below 6 K improved the sensitivity of trityl Finland radical by
a factor of 3.2x. At 6 K trityl outperformed TEMTriPol-1 and AMUPol by factors of 6x and
1.9x, respectively, indicating that the ability to access temperatures below 6 K will be important
for performing highly sensitive NMR experiments in the future1. Electron decoupling is shown to
be effective in cellular environments, including intact human cells, enabling the decoupling of
hyperfine interactions between electrons and nuclei to improve the sensitivity and resolution of
the NMR signal2,3. Further, frequency-chirped DNP is shown to be more sensitive than
conventional continuous wave DNP methods and is proven to be effective in human cell lines4,5.
The improved sensitivity of solid effect and cross effect radicals opens many avenues for
performing ultra-sensitive DNP NMR on samples in their biologically natural environment in
cells.

6.2 Conclusions for Molecular Dynamics Simulations of the C1b
Domain Bound to Modulating Ligands
Through molecular dynamics simulations in Chapter 5, it is hypothesized that, when bound to the
C1b domain, bryostatin prevents interactions between cholesterol and the Leu250 and Trp252
residues on the PKC-d C1b regulatory domain. When bound to phorbol, the C1b domain is free
to interact with nearby cholesterol molecules predominately through Leu250, with some
cholesterol interactions observed through Trp252. The byrolog Merle27, which is structurally
similar to bryostatin yet elicits cellular effects more similar to phorbol, also exhibits a propensity
to interact with cholesterol. These interactions are predominately found with Trp252, with some
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interactions still observed with Leu250. This difference in interaction propensity is expected to
play a role in modulating the cellular localization of PKC-δ, thus having an effect on which
substrates are available to be phosphorylated by PKC-δ’s kinase domain.

6.3 Future Outlook
While these sensitivity improvements are an important step toward in-cell DNP NMR, further
advances can yet be made to improve sensitivity for the study of PKC-δ in intact human cells.
The most direct method for making these improvements is to increase the microwave power
incident on the NMR sample. Higher microwave powers will enable the transfers of electron spin
polarization to the nuclei on a timescale shorter than the electron relaxation time.
One indirect method for increasing microwave power is taking advantage of the polarization of
the microwaves. Generally, applied microwaves are linearly polarized, which can be represented
as a superposition of left and right circularly polarized components. The only component that is
absorbed is that which shares the chirality of the spin’s precession. It is possible to convert the
other polarization component to the proper chirality, which would double the microwave power
absorbed by the sample.
In order to be able to implement this strategy of altering the polarization of the microwaves, it
will be necessary to use recently implemented MAS spheres with a saddle coil6. The saddle coil
is not conducive to sensitive NMR with conventional MAS stators using solenoids, but the
spheres stators developed in our lab can take advantage of the ample space provided by the
saddle coil to allow the circularly polarized microwaves to enter the sample unimpeded. The
unimpeded microwave access to the sphere also allows the addition of a Teflon lens to focus the
microwaves to further improve the utilized microwave power.
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With current and future improvements made in microwave power, experiments can be performed
on PKC in vitro and in vivo to determine the extent of cholesterol interactions for each proteinligand complex observed in silico. One important step is to incorporate DNP polarizing agents
into membrane systems. An elegant method would be to covalently attach a polarizing agent to
the N-terminus of the C1b domain via solid phase peptide synthesis. This improves DNP
sensitivity in non-glassy membranes and ensures that the radical is close to the target. Tethering
of the trityl-Me3N radical would enable some of the most sensitive DNP NMR experiments to
date while allowing for the decoupling of the electron-nuclear hyperfine interactions. Initially,
selectively labeling Leu250, Trp252, and cholesterol can be useful for confirming the
interactions between C1b domain and cholesterol in vitro. Similarly, this can be used to rule out
interactions between these residues and cholesterol when the C1b domain is bound to bryostatin.
Observing 15N chemical shift anisotropies has been shown to be an effective method for
determining the presence of a hydrogen bond and could be applied to this system7. Confirming
these results in vitro will be another preliminary step toward studying PKC-δ in intact human
cells with DNP NMR.
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