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ABSTRACT: Dynamic nuclear polarization (DNP) is used to improve the
inherently poor sensitivity of nuclear magnetic resonance spectroscopy by
transferring spin polarization from electrons to nuclei. However, DNP radicals
within the sample can have detrimental effects on nuclear spins close to the
polarizing agent. Chirped microwave pulses and electron decoupling (eDEC)
attenuate these effects in model systems, but this approach is yet to be applied to
intact cells or cellular lysates. Herein, we demonstrate for the first time exceptionally
fast 'H T;pxp times of just 200 and 300 ms at 90 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 **C
signal intensity increase of 8% in intact human cells and 10% in human and bacterial
cell Iysates. At 6 K, eDEC provides larger intensity increases of 15 and 39% in intact
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human cells and cell lysates, respectively. Combining the manipulation of electron spins with frequency-chirped pulses and sample
temperatures approaching absolute zero is a promising avenue for executing rapid, high-sensitivity magic-angle spinning DNP in

complex cellular environments.

B INTRODUCTION

Solid-state nuclear magnetic resonance (NMR) is a valuable
method for studying biological systems at atomic resolu-
tion;'”” however, it suffers from an inherent lack of
sensitivity." '® 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.''~>° While polarizing agents for DNP
boost polarization, they can also cause deleterious para-
magnetic effects such as shorter coherence lifetimes (line
broadening) and signal attenuation.”' ~** These effects become
more severe as hyperfine interactions increase. Recently, we
introduced a strategy to attenuate hyperfine couplings by
decoupling electron—nuclear interactions with frequency-
chirped microwave pulses generated by a frequency-agile
gyrotron.zs’26 Electron decoupling (eDEC) has been success-
fully applied to model systems of small molecules suspended in
a cryoprotecting glassy matrix (glycerol-ds/D,0/H,0, 60/30/
10%).”*” Extending eDEC to more complex samples is
important for translational studies in biological systems.
Establishing the structure—function relationship of molec-
ular architectures of interest is fundamental to many biological
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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 environments. Recent
studies have demonstrated the profound effect of the complex
cellular environment on the protein structure.””

Complex mixtures also have significant effects on DNP
eﬂiciency.30 While different formulations can be detrimental to
DNP in vitro, we recently demonstrated an excellent DNP
performance in intact human cells.®" 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
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and bacterial cell lysates at 90 and 6 K with two different trityl
radicals (Finland trityl radical and trityl-Me;N). Trityl-Me;N is
a newly synthesized polarizing agent designed to shorten
magnetization recovery delays.””*’ We present exceptionally
short '"H T pyp times with the trityl-Me;N radical in intact
human cells below 6 K.

B EXPERIMENTAL METHODS

Solid Effect Radicals. Two tertiary carbon stable organic
radical-containing compounds, Finland trityl radical (Oxford
Instruments, Concord, MA) and trityl-Me;N were investigated.
Trityl-Me;N was synthesized as described in the Supporting
Information Section S3. 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 the
membranes and distribution throughout the cells. In addition
to the Finland trityl radical, we also explored the use of trityl-
Me;N. The trityl-Me;N derivative was synthesized and
deployed in this study to exploit the additional advantages of
the methyl groups, leading to faster replenishing of magnet-
ization (shorter "H T pyp) and higher sensitivity experi-
ments.”*

Human Cell Lysate Preparation. For human cell lysates,
Jurkat T cells (ATCC, Manassas, VA) were cultured in a
[U-13C, 98%; U-"N, 98%] BioExpress-6000 mammalian cell-
growth medium (Cambridge Isotope Laboratories, Tewksbury,
MA) at a concentration of 3 X 10° cells/mL in a six-well plate
at 37 °C and 5% CO, for 48 h. 4.0 X 107 cells were collected,
spun at 170g for S min, washed with 1X phosphate-buffered
saline (PBS), and spun again at 170g for S 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-ds, 30% D,O, and 10%
H,O (cryoprotecting glassy matrix). Triton X-100 was added
to the final concentration of 0.5 v/v % to lyse the cells. A
cryoprotecting matrix (30 uL) combined with cell lysis
solution was added to the cell pellet, and 36 uL of the
resulting suspension was added to a 3.2 mm zirconia rotor and
frozen in liquid nitrogen.

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 10° cells/mL and 3.6 X 107 cells were
collected for each experiment. The cell pellet was resuspended
in 36 puL of 1X PBS with 10% dimethyl sulfoxide containing
either 40 mM Finland trityl radical or trityl-Me;N radical. This
suspension was centrifuged directly into the 3.2 mm zirconia
rotor at 800g for 30 s and immediately frozen in liquid nitrogen
as detailed in our previous work.”"

Bacterial 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 J isoform of protein
kinase C (PKC-8) were incubated in the super optimal broth
(S.0.C.) medium for 1 h before plating on a selective medium.
The colonies obtained were then cultured in 200 mL of a *N-,
BC-, and *H-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 'H concentration. The pellets were
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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 of
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 600g
for 4 min, and the supernatant was removed. A pellet was
obtained from the supernatant by ultracentrifugation at 4 °C
for 48 h. 8 mg of the pellet was mixed with 100 uL of 40 mM
Finland trityl radical and a fully deuterated cryoprotecting
matrix (60% glycerol-dg, 40% D,0 volume ratio), and 36 uL
was packed into a 3.2 mm zirconia rotor. Another 8 mg of the
pellet was mixed with 100 uL of 40 mM Finland trityl radical
in deuterated buffer, and 36 uL was packed into a 3.2 mm
zirconia rotor. More details on bacteria lysate preparation can
be found in the Supporting Information Section S1.

NMR Experiments. All experiments were performed using
a custom-built NMR magic angle spinning (MAS) trans-
mission line probe’ with a Redstone (Tecmag Inc. Houston,
TX) spectrometer. The Larmor frequencies of 'H and *C at
By =7.05 T were 300.179 and 75.4937 MHz, respectively. The
pulse sequence was a "*C rotor-synchronized Hahn echo with
eDEC applied over the Hahn echo pulse sequence and the
acquisition as published previously.”® Polarization time was 7 s,
and the spinning frequency was 4 kHz. The v=c was 83 kHz,
and TPPM 'H decoupling had a vy of 83 kHz. Experiments
were performed at 95 K using liquid nitrogen and at 6—7 K
using liquid helium. DMEFit*® was used to fit the *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. 'H polarization build up times ("H
Tipnp) Wwere recorded using a saturation recovery CPMAS
sequence with the vy used above.

Microwaves and chirped pulses were _generated from a
custom-built frequency-agile gyrotron.”” 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 us. The incident power on the sample was 7 W,
resulting in an estimated Rabi frequency (yB,s) 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.”® Bearing and
drive were ultrahigh purity helium gas maintained at 80 K. A
calibrated Cernox temperature sensor (Lake Shore Cryo-
tronics, Inc., Westerville, OH) was used to monitor the sample
temperature at the interface of the variable temperature outlet
and NMR stator.’® The temperature of the sample, incoming
transfer lines, and exhaust line were monitored with a Lake
Shore temperature controller.

B RESULTS AND DISCUSSION

We previously demonstrated eDEC at 90 K in a model system
of [U-"*C,"N] urea using direct polarization transfer from
electron spins to carbon nuclei.”> We also performed eDEC in
MAS experiments below 6 K in model systems of [U-*C,"*N]
urea and [U-C,°N] L-proline using cross—pola1‘ization.27’39
Here, we demonstrate direct carbon polarization with eDEC at
90 and 6 K in more complex biological systems including intact
and lysed human Jurkat T cells and also in the soluble fraction
of E. coli bacterial cell lysates.

eDEC on Bacterial Cell Lysates. We first performed solid
effect *C-direct polarization MAS and eDEC on the purified
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Figure 1. "*C enhancements at 90 K of bacterial cell lysates with the
Finland trityl radical in (a) cryoprotecting matrix (32 DNP scans, 256
no DNP scans; € = 35 + 1) and in (b) buffer (96 DNP scans, 256 no
DNP scans; € = 31 + 1). Red represents the *C signal with DNP;
black is without DNP.

soluble fraction of E. coli cell lysates (Figures 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 the cryoprotecting matrix showed a 35-fold
B3C enhancement of the carbonyl resonance intensity (Figure
1a). The same sample suspended in buffer provided a slightly

smaller, yet significant, 31-fold enhancement (Figure 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.”

Similar to the lower DNP efficiency, eDEC performance in
the bacteria lysate sample with a cryoprotecting matrix was also
slightly less eftective. At 90 K, eDEC enhanced the carbonyl
resonance intensity of the lysate in a cryoprotecting matrix by
10 + 2% (Figure 2a). The intensity of the lysate in the
deuterated buffer increased by a smaller percentage of 6.0 +
0.1% (Figure 2b).

We also investigated high sensitivity experiments by
lowering the sample temperature to 6 K (Figure 2c,d). The
carbonyl resonance intensity increased by 17 + 3 and 39 +
0.1% with eDEC for the lysates in a cryoprotecting matrix and
buffer, respectively.

Interestingly, at 90 K eDEC elicits a greater increase in
intensity in the lysate sample with a cryoprotecting matrix than
it does with the buffer. However, at 6 K the reverse is true with
a 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. Because we
used the same polarization time for experiments at both
temperatures, we are further from the optimal polarization
time of 1.26 X T pyp 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 eDEC in the
cryoprotecting matrix, whereas the opposite is true at 6 K.

eDEC on Intact Human Cells and Human Cell Lysates.
BC enhancements were recorded at 90 K to determine DNP
performance to target nuclear spins within intact cells and
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Figure 2. eDEC of bacterial cell lysates at 90 K in (a) cryoprotecting matrix (32 scans) and (b) buffer (96 scans) and at 6 K in (c) 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 the buffer. These increases were about doubled at 6 K, where the intensity increased 17

+ 3% with a cryoprotecting matrix and 39 + 0.1% with the buffer.
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cellular Iysates (Figure 4) and to probe the cellular uptake of
the trityl derivatives (Figure 3). In Jurkat lysates with the

Finland trityl Trityl-Me3N

Figure 3. Chemical structures of the trityl derivatives, Finland trityl
radical (left) and trityl-Me;N (right).
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Figure 4. '*C enhancements at 90 K in (a) Jurkat cell lysates with the
Finland trityl radical (256 DNP scans, 4096 no DNP scans; & = 29.4
+ 0.9), (b) intact Jurkat cells with the Finland trityl radical (2560
DNP scans, 10,240 no DNP scans; € = 4.1 + 0.2), and (c) intact
Jurkat cells with trityl- Me;N (3584 DNP scans, 6144 no DNP scans;
£=4.0 + 0.2). Red represents the '*C signal with DNP, while black is
without DNP.

Finland trityl radical, nuclear spins were enhanced by a factor
of 29.4 + 0.9 (Figure 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-Me;N, respectively (Figure
4b,c). The enhancements in intact cells may be lower because
of 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.
Further experimentation will be needed to determine the
extent, if any, of the subcellular localization of the radicals.
Note that the '>C spectra for the Jurkat lysates and intact
Jurkat cells with both radicals had the same resonances and
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similar relative intensities. This, along with the exceptionally
short "H Tpyp buildup times with both radicals (Figure 9),
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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
(3072 scans), (b) intact Jurkat cells with the Finland trityl radical
(2560 scans), and (c) intact Jurkat cells with trityl-Me;N (3584
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.

(a) Jurkat Cells; No Radical (b) Jurkat Cells; Finland Trityl

Figure 6. Light microscopy images of Jurkat cells with no radical (a),
and Jurkat cells with the Finland trityl radical (b).

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 the Trityl Finland radical to confirm that the
cells were not lysed in the process of sample preparation
(Figure 6).

When eDEC was applied at 90 K, the intensity of the
carbonyl resonances in the Jurkat cell lysates increased by 8.2
+ 3.2% (Figure Sa), and by 8.2 + 2.8 and 8.4 + 2.7% in intact
Jurkat cells with the Finland trityl radical and trityl-Me;N,
respectively (Figure Sb,c). This intensity improvement
demonstrates that eDEC reveals nuclear spins not contributing
to the NMR signal without eDEC because of paramagnetic
effects. Moreover, the added cellular components do not
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Figure 7. C enhancements at 6 K in intact Jurkat cells with the (a)
Finland trityl radical (24 DNP scans, 80 no DNP scans; ¢ = 7.6 + 0.3)
and (b) trityl-Me;N (40 DNP scans, 80 no DNP scans; ¢ = 12.5 +
3.8). Red represents the "*C 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-Me;N (24 scans). The carbonyl resonances
increased in intensity by 12.4 + 3.0% and 14.5 & 4.0%, respectively,
with eDEC for each sample.

prevent eDEC, which has a similar efficiency in these more
complex biological systems as in previously studied model
systems. 2527

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 (Figures 7 and 8). Again utilizing the solid-effect DNP
mechanism, there was about an 8-fold (7.6 + 0.3) enhance-
ment in intact Jurkat cells with the Finland trityl radical
(Figure 7a) and a slightly larger 12-fold (12.5 + 3.8)
enhancement in cells with the trityl-Me;N radical (Figure
7b). Compared to experiments at 90 K, the enhancement with
the Finland trityl radical increased by a factor of 1.9 while the
enhancement with trityl-Me;N 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. We believe that the demonstration of
eDEC in cellular samples is important, as there is no
cryoprotecting matrix in the cell, and shows that it still
works in this environment.
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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 trityl-Me;N increased by 12.4 + 3.0% (Figure 8a)
and 14.5 + 4.0% (Figure 8b), respectively. In addition, slight
linewidth narrowing was observed in the carbonyl resonance
for both trityl derivatives (see Supporting Information Figure
S1).

"H T,pne below 6 K in Human Cells. eDEC with trityl-
Me;N vyielded similar results to the Finland trityl radical at 90
K, yet below 6 K, trityl-Me;N shows a smaller increase in
intensity (Figure 8), indicating that the Finland trityl radical is
better suited to temperatures below 6 K. However, trityl-Me;N
has a unique advantage below 6 K (and also at 90 K) by virtue
of its exceptionally short 'H T,pyp times (Figure 9). At 90 K,
intact Jurkat cells with the Finland trityl radical exhibited a 'H
Tipnp of 1.6 + 0.1 s (Figure 9a), while cells with trityl-Me;N
exhibited a "H T,pyp that was 8 times shorter at 0.2 + 0.01 s
(Figure 9b). The difference in "H T pyp 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-Me;N (Figure 9¢,d).
We note that this proton polarization buildup time of 300 ms
is remarkably short and unprecedented in the literature.
Although the mechanism is unclear, the methyl groups on
trityl-MesN appear to significantly reduce the 'H Tipyp, as
shown prev1ously for bcTol and beTol-M.** Tt is unlikely to be
due to the “aggregation” common in trityl samples, as the high
positive charge of the trityl-Me;N species works to prevent
this. We previously showed that in model systems, the 'H
Tipp is 19 s with the Finland trityl radical;*’ 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
"H T pyp times for this radical. The short recovery times
associated with the trityl-Me;N 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.*’

B CONCLUSIONS

Here, we demonstrated that the Finland trityl radical and trityl-
Me;N 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 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 enabled the most sensitive
NMR experiments recorded to date at 7 T in intact human
cells. In addition, we showed that trityl-Me;N has extremely
short 'H T pyp times in cells, likely because of the methyl
groups not present in the Finland trityl radical. At temper-
atures below 6 K, the "H T, pxp 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
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Figure 9. '"H T)pyp of intact Jurkat cells at 90 K with the Finland trityl radical (a) and trityl- Me;N (b) and at 6 K with the Finland trityl radical (c)

and trityl-Me;N (d).

multidimensional NMR will provide the sensitivity enhance-
ments and spectral resolution required for the analysis of
complex biological systems. Finally, 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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