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Abstract

Dynamic Nuclear Polarization (DNP) enhanced solid state NMR increases experimental
sensitivity, potentially enabling detection of biomolecules at their physiological concentrations.
The sensitivity of DNP experiments is due to the transfer of polarization from electron spins of
free radicals to the nuclear spins of interest. Here, we investigate the reduction of AMUPol in
both lysed and intact HEK293 cells. We find that nitroxide radicals are reduced with first order
reduction Kinetics by cell lysates at a rate of ~12% of the added nitroxide radical concentration
per hour. We also found that electroporation delivered a consistent amount of AMUPol to intact
cells and that nitroxide radicals are reduced just slightly more rapidly (~15% per hour) by intact
cells than by cell lysates. The two nitroxide radicals of AMUPol are reduced independently

and this leads to considerable accumulation of the DNP-silent mono-radical form of AMUPol,
particularly in preparations of intact cells where nearly half of the AMUPol is already reduced

to the DNP silent mono-radical form at the earliest experimental time points. This confirms that
the loss of DNP-active bi-radical form of AMUPol is faster than the nitroxide reduction rate.
Finally, we investigate the effect of adding N-ethyl maleimide, a well-known inhibitor of thiol
(-SH) group-based reduction of nitroxide bi-radicals in cells, on AMUPol reduction, cellular
viability, and DNP performance. Although pre-treatment of cells with NEM effectively inhibited
the reduction of AMUPol, exposure to NEM compromised cellular viability and, surprisingly,
did not improve DNP performance. Collectively, these results indicate that currently, the most
effective strategy to obtain high DNP enhancements for DNP-assisted in-cell NMR is to minimize
room temperature contact times with cellular constituents and suggest that the development of bio-
resistant polarization agents for DNP could considerably increase the sensitivity of DNP-assisted
in-cell NMR experiments.
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Introduction

Dynamic nuclear polarization (DNP) based solid state NMR can enhance the sensitivity of
NMR signals by several orders of magnitude. This enables the detection of signals from
biomolecules at their endogenous concentrations in experimentally tractable acquisition
times. Recent studies have capitalized on this technique to detect and study proteins and
nucleic acids at low concentrations in complex biological environments that range from
cellular lysates to intact cells 1-16. These studies provide proof of concept for the application
of DNP NMR to study biomolecular structures /7 situ. Moreover, in some cases, these
studies highlight the importance of doing so since the structure of the target molecules in
their native environments differed from that of the target molecule in purified settings 3.

The sensitivity enhancements conferred by DNP result from the transfer of polarization from
electron spins of free radicals to nuclear spins of the atoms of interest 17-19, Free radicals

are typically introduced by doping samples with millimolar concentrations of polarization
agents 1419-21 Some of the most efficient polarization agents for DNP are nitroxide bi-
radicals that rely upon the cross-effect for polarization transfer, a mechanism that couples
two electrons to one nucleus 17-19.22.23 The commercially-available nitroxide biradical,
AMUPol, is an efficient polarization agent for biological molecules in hydrated solutions
13421 Moreover, it is non-toxic to mammalian cells; cells can regrow after exposure to
DNP-relevant concentrations?l. AMUPol is highly effective at enhancing the signal of all
the mammalian biomass components?L.

However, nitroxide radicals are prone to reduction in cellular environments 2428, The
reduction of nitroxides in cellular environments is thought to be largely driven by sulfhydryl
groups on proteins and glutathione although other factors like ascorbic acid and radical
oxygen species could also contributel®26.28-33 This has been well-documented by EPR
where nitroxide radicals are often used to assess protein conformations in situ24-27, In the
context of DNP, the reduction of the radicals translates into a decrease in experimental
sensitivity?1:34, The effect of reduction is probably more pronounced for DNP polarization
agents that rely upon the cross-effect since reduction of just one of the two nitroxide
moieties inactivates the polarization agent and loss of experimental sensitivity is likely
more rapid than the reduction rate.21:35 Despite growing interest in determining protein
conformations in mammalian cells, the reduction of the bi-radical containing polarization
agents used for DNP NMR by mammalian cells has not yet been systematically investigated.

In the handful of published examples, reduction of polarization agents by mammalian

cells is slow relative to the time scale of sample preparation. In most of these studies,
however, it is unclear how much of the added polarization agent was in contact with the
cellular constituents during the measurement time since the plasma membrane is only semi-
permeable to AMUPol. In experiments where all the DNP polarization agent in the sample
was in contact with cellular constituents, the DNP enhancements conferred by AMUPol
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decrease with increasing room temperature incubation times 21. DNP enhancements are
highest in samples of lysed mammalian cells that are flash frozen immediately upon addition
of AMUPol. DNP enhancements decrease by half after incubation with lysed mammalian
cells for an hour at room temperature before freezing and DNP enhancements decrease

by half after incubation inside intact cells for just 45 minutes at room temperature before
freezing?L. The DNP enhancement in cellular lysates reaches its maximum of nearly 100

at 5 mM AMUPol and has a sharp dependence on AMUPol concentration. The DNP
enhancement for intact cells where AMUPol is delivered by electroporation and then
removed from the exterior of the cells before measurement has a lower maximum DNP
enhancement of 60 and the dependence on AMUPol concentration is more difficult to be
characterized due to uncertainty about the quantity of AMUPol delivered to the cells by this
method. Moreover, because the intact cells are prepared differently, there is a significant
difference in sample preparation time for lysed and intact cells?1:38, Interestingly, however,
even after controlling for the difference in sample preparation time, the DNP enhancements
for intact mammalian cells decrease more rapidly than for lysed mammalian cells?. This set
of experiments indicate that while it is possible to attain very high DNP enhancements in
complicated biological mixtures, the current state of the art results in losses of about a third
of the polarizing capacity of the polarization agent AMUPol inside intact cells before data
collection. However, in this set of experiments, only the DNP performance was assessed.
Neither the amount of AMUPol that was delivered to cells in the samples nor the rate at
which the AMUPol was reduced were directly determined. Quantification of the amount of
AMUPol that is delivered and the timescale of nitroxide biradical reduction in mammalian
cells will help to identify strategies to combat polarization-agent reduction and enable
detection of low concentration molecules in experimentally tractable acquisition times.

Indeed, the pioneering work that characterized the reduction of a related binitroxide radical,
TOTAPOL, by both lysed and intact bacterial cells suggested that introduction of alkylating
reagents like N-ethyl maleimide (NEM) prevented radical reduction 3. Interestingly, in
that work, the stabilization of the radical did not translate to an improvement in the

DNP performance, an observation that was tentatively attributed to poor delivery of the
polarization agent to the cell 35. Because delivery of the polarization agent to mammalian
cells via electroporation is efficient, the mammalian cell system is well suited to explore
the strategy of stabilizing the radical in biological environment by incubation of lysates or
intact mammalian cells with NEM prior to delivery of the polarization agent. Therefore,

in an effort to increase the sensitivity of DNP-assisted in-cell NMR spectroscopy, here we
quantify the amount of AMUPol delivered to intact cells by electroporation, determine the
AMUPol reduction rate in intact and lysed HEK293 cells and test the efficacy of incubation
with N-ethylmaleimide to prolong the lifetime and preserve the DNP properties of radicals
in both lysed and intact mammalian cells.

The reduction of AMUPol in cellular lysates is relatively slow

To determine the rate of reduction of the nitroxide biradical AMUPol in biological
environments, we added AMUPol at concentrations relevant for DNP to lysed HEK293
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cells and measured the total nitroxide signal intensity by EPR over time. The integrated

EPR signal reports on total nitroxide concentration, which, in the absence of reduction, is
double the AMUPol concentration. Because the two nitroxide moieties of AMUPol can be
reduced independently, for accuracy, we report values as the total nitroxide concentration.
AMUPol is a stable nitroxide bi-radical-containing compound (Figure 1). When AMUPol

is suspended in buffer, the total nitroxide concentration of AMUPol did not change with
time (data not shown). However, when AMUPol was added to mammalian cells, which
were then lysed, the total nitroxide concentration of AMUPol decreased in a time-dependent
manner. For all samples, the experimental starting radical concentration matched the target
concentration and then decreased with increasing incubation times at room temperature.
After 12 hours of room temperature incubation, no radical remained in the lysate samples
with starting concentrations of 0.5 or 1 mM AMUPol while for samples with starting
concentrations of AMUPol of 2 mM and higher, more than half of the total nitroxide

radical remained (Figure 2A). Thus, the nitroxide radical reduction curves for the lysate
samples were fit to a mono-exponential expression with an offset. These reduction curves
were generally well-described by this expression (average R? = 0.99, Table S1). For the
samples with starting concentrations of AMUPol of 2 mM and greater, the total nitroxide
reduction rate was directly proportional to the starting concentration; the total nitroxide
concentration decreased at a rate of 0.18 + 0.01% of the starting concentration per minute.
However, for these samples, during the initial 30 minutes of the reduction reaction, the

total nitroxide concentration is systematically underestimated by a few percent (Figure S1).
Lysates consistently reduced more total nitroxide over this period than was predicted by

the fit to the mono-exponential equation by an amount equivalent to ~0.1 mM, regardless

of the starting nitroxide radical concentration. The small systemic deviation from a mono-
exponential fit during the first 30 minutes accounted for the same quantity of radical,
independent of starting concentration. The offsets, which represent the final concentration of
nitroxide radical in the sample after the reduction reaction is complete, were concentration
dependent and ranged from close to O at the two lowest concentrations, where all the radical
was reduced by the lysates, to 31.8 mM, or 79% of the total nitroxide starting concentration
of 40 mM nitroxide (e.g. 20 mM of AMUPol). The dependence of the offset on the initial
AMUPol concentrations fit well to a saturation curve and indicated that the maximal amount
of radical that lysates of HEK293 cells at room temperature can reduce is 9.6 mM (Figure
S2). For the samples with starting concentrations of 0.5 mM and 1 mM AMUPol, the total
nitroxide reduction rates were well described by a mono-exponential decay even during

the first 30 minutes. The reduction rates (2.4% and 0.3% of the starting total nitroxide
concentration per minute, respectively) were faster than the nitroxide reduction rate for
reactions with higher concentrations of AMUPol, probably because the reduction rates for
the quantity that is not captured by the mono-exponential equation and the quantity that

is captured cannot be distinguished. Overall, apart from a small amount of AMUPol that

is rapidly reduced in the first 30 minutes, the radical is reduced at a rate of 0.2% of the
starting concentration per minute; increasing the concentration caused a proportional change
in reduction rate, indicating first-order reduction kinetics with respect to AMUPol. The
reduction of AMUPol by mammalian cell lysates is slow relative to the time scale of cellular
sample preparation for DNP NMR.
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The reduction of AMUPol in intact cells is faster than in lysates

To determine the rate of reduction of AMUPol inside intact cells, we electroporated
AMUPol into HEK?293 cells and then removed extracellular AMUPol before monitoring
the decrease in the total nitroxide signal intensity over time using EPR%1:37-39_ Delivery

of AMUPol to cells by electroporation in the presence of 20 mM AMUPol followed

by a 10-minute recovery period and then removal of extracellular AMUPol resulted in

a starting concentration of 1.9 + 0.3 mM total nitroxide in the volume of the EPR

sample (Figure 2C). Thus, as expected electroporation resulted in delivery of consistent
quantities of AMUPol to cells?l. Because the extracellular AMUPol was removed before
measurements, and AMUPol-free buffer accounts for about half of the volume of pelleted
cells, the total cellular nitroxide concentration at the earliest time point was ~10% of the
concentration present in the buffer during electroporation. The electroporated cells were
incubated at room temperature inside the EPR spectrometer and the nitroxide radical signal
was monitored. After 12 hours of room temperature incubation, the radical signal was no
longer detectable. The rate of radical reduction of AMUPol inside intact cells was described
by a mono-exponential decay with a reduction rate of 0.24 + 0.06% per minute (or 0.005

+ 0.001 mM/min) (Table S2). The reduction in intact cells is well described by a single
exponential decay rate (R% = 0.99) and the systematic small underestimation of AMUPol
concentration observed during the initial 30 minutes of the reduction reaction for lysates is
not observed for intact cells (Figure S1). The reduction rate for AMUPol in intact cells is
faster than the reduction rate for AMUPol in cellular lysates (Figure 1A) and the reductive
capacity of intact cells is greater than that of cellular lysates for samples with similar starting
concentrations of AMUPol. This indicates that AMUPol reduction in intact cells is both
faster and more efficient than in lysates.

The contribution of the DNP-silent monoradical form of AMUPol is more prominent in
intact cells than in lysates

The EPR signal intensity reports on the radical concentration in the sample while the EPR
line shape reports on interactions between the electron and the environment. The decrease
in radical concentration for both intact and lysed cells was accompanied by changes in

the EPR line shape. An isolated nitroxide radical has an EPR spectrum with three peaks.
Interactions with other radicals in the sample can broaden or split these peaks. DNP-active
AMUPol has two nitroxide radicals that are 11.6 angstroms (avg.) apart2940, The EPR
spectra at the initial time points for both intact and lysed cells had the characteristic
splitting pattern of two nitroxide radicals in close proximity (Figure 2B, 2D) 4142, At
longer incubation times, not only did the EPR signal intensity decrease, but the EPR line
shape for an isolated nitroxide radical became prominent. (e.g. Figure 2B and 2D, t=5
hrs). The spectral changes are similar in both lysed and intact cells at similar time points
when the starting AMUPol concentrations are similar. Because the monoradical form of
AMUPol contributes to the EPR signal and will affect the NMR relaxation properties of
nearby molecules, but is DNP-silent, we determined the individual contributions of the
mono and bi radical forms of AMUPol to the EPR spectra. To do that, we scaled the
spectrum of a pure sample of the biradical form of AMUPol to match the intensity of the
most down-field and up-field features of the experimental EPR spectra and then subtracted
the spectrum of the biradical form of AMUPol from the experimental spectrum. After

J Magn Reson. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ghosh et al.

Page 6

subtraction of the biradical spectrum, the EPR spectrum had the characteristic features of
an isolated nitroxide radical (Figure 3A). We determined the concentrations of the different
forms of AMUPol individually by double integration. For lysates with 10 mM AMUPol,

the biradical form of AMUPol was the major contributor to the EPR spectra throughout

the reaction. The concentration of the biradical form of AMUPol decreased at a rate of

0.01 mM/min over the first hour. The monoradical form increased to a concentration of
about 1 mM, but never became the dominant species (Figure 3D). For lysates with 1 mM
AMUPol, the biradical form of AMUPol was the major contributor to the EPR spectra at
the earliest time points (Figure 3C). The concentration of the biradical form of AMUPol
decreased at a rate of 0.005 + 0.001 mM/min within the first hour. The monoradical form of
AMUPol was a minor contributor to the EPR spectra of AMUPol in lysates at the earliest
time points but increased from 0.1 mM to 0.4 mM over the first hour of incubation and

then remained relatively constant. In contrast, even at the earliest time point, the spectra of
intact cells that had been electroporated with AMUPol had significant contributions from
both the biradical and monoradical forms of AMUPol; more than half the AMUPol in the
sample at the initial time point was in the mono-radical (DNP-silent) form (Figure 3B). The
concentration of the biradical form of AMUPol decreased, while the concentration of the
monoradical form of AMUPol remained at around 0.45 mM. While the starting monoradical
concentration in the lysate sample mixed with 1 mM AMUPol was less than the starting
monoradical concentration in the electroporated samples, the monoradical concentration

in the lysate sample increased to the same steady-state concentration as in the intact cell
sample. The difference in starting monoradical concentration between the two samples could
be a result of a temporal difference in preparation times. Measurement of the lysate samples
began approximately 5 minutes after the first exposure of AMUPol to cellular components.
Lysates were prepared by mixing the cells with the desired concentration of AMUPol

then performing 4 freeze-thaw cycles (1 min each) before measurement of the EPR signal.
Measurement of the intact cell samples began approximately 15 minutes after first exposure
of AMUPol to cellular components. After electroporation, intact cells were incubated for 10
minutes at room temperature to allow them to recover and then washed with PBS twice (2
min each time) before loading into the EPR spectrometer. However, taking this difference
in preparation time into account does not explain the magnitude of the difference in the
starting mono-radical concentration between the lysed and intact cells. Thus, the difference
in starting mono-radical concentration between the lysed and intact cells must result from
the reduced reductive capacity of lysates versus that of intact cells. The mono-radical form
of AMUPol, which is not DNP-active, accounts for half of the AMUPol present inside intact
cells at the earliest time points. This means that electroporation delivers closer to 10% of
the amount of AMUPol present in the electroporation mixtures, in line with the existing
literature of the delivery efficiency by electroporation. It also implies that the enhancements
of in cell DNP NMR could double if AMUPol was protected from inactivation by the
cellular constituents.

NEM pre-treatment prevents intracellular AMUPol reduction

Pre-treatment of cells with oxidizing agent N-ethylmaleimide (NEM) neutralizes some
of the reductive capacity of the cellular constituents. Pre-treatment of cellular lysates of
bacteria slows or eliminates reduction of the nitroxide biradical, TOTAPOL 3. To determine
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if treatment of mammalian cells with NEM could slow or stop reduction of AMUPol in
intact cells, we incubated intact mammalian cells with NEM for 30 minutes, washed the
cells to remove the NEM, and then introduced AMUPol into the cells by electroporation
and monitored the EPR signal. The total nitroxide concentration decreased with time for
cells that were pre-incubated with 1 mM NEM while pretreatment of cells with 2.5 mM
and 10 mM NEM largely prevented reduction of AMUPol (Fig 4 A and B). We determined
the concentrations of the different forms of AMUPol individually by double integration.
As before, for cells that were not pre-treated with NEM, about half of the AMUPol was

in the monoradical form at the beginning of our measurement and the concentration of

the mono-radical form remained constant over the first hour while the concentration of

the biradical form decreased. For cells that were pre-treated with 1 mM NEM, 40% of

the AMUPol was in the mono-radical form at the beginning and the concentration of the
monoxide form remained constant while the concentration of the biradical form decreased.
On the other hand, for cells pre-treated with 2.5 mM NEM, all the AMUPol was in the
biradical form at the beginning of our measurement, although about 20% of the AMUPol
was in the mono-radical form after an hour of room temperature incubation. However, there
was no contribution to the EPR spectra from the mono-radical form of AMUPol for cells
that were pre-treated incubated with 10 mM NEM, even at long incubation times.

Pre-treatment with NEM is toxic to cells

Although NEM prevented reduction of AMUPol by cellular components, NEM is a
general oxidizing agent that will interact with many cellular factors, which may affect
cellular integrity*3. We assessed cellular integrity using two complementary approaches.
We assessed membrane integrity using trypan blue exclusion and we assessed toxicity by
quantitative regrowth assays 21:36, Pre-treatment with 1 mM NEM did not affect membrane
integrity while pre-treatment with 2.5 mM and 10 mM NEM reduced membrane integrity
by more than 80% (Fig 4C). Since trypan dye exclusion assay reports only on membrane
permeability, which is imperfectly correlated with viability, we also assessed the ability of
cells to grow after exposure to NEM. Despite the maintenance of membrane integrity after
exposure to 1 mM NEM, after exposure to 1 mM NEM, cells were unable to propagate.
Cells exposed to 2.5 mM and 10 mM of NEM were likewise unable to propagate (Figure
4D). Thus, because exposure to the concentration of NEM required to stop reduction of
AMUPol compromised membrane integrity and eliminated cellular propagative ability, the
use of NEM to improve AMUPol stability in biological environments is not appropriate in
cases where cellular viability is required.

NEM reduces the polarization efficiency of AMUPoI

Slowing the reduction of AMUPol by pre-treatment with NEM may be a useful approach
to increase the sensitivity of DNP experiments if cellular viability is not a concern. Thus,
we assessed the DNP performance of AMUPol in cells that had been pre-treated with

2.5 mM NEM and of cells that had not. After incubation in either 2.5 mM NEM or

PBS for 30 minutes, the incubation buffer was removed, and cells were electroporated

in the presence of AMUPol. Cells were allowed to recover for 10 minutes and then

washed twice to remove extracellular AMUPol before cryoprotection and DNP analysis.
We collected 13C cross-polarization (CP) spectra with and without microwave irradiation to
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determine the DNP enhancement for cells prepared with and without NEM pre-treatment.
We determined DNP enhancements for peaks in the 13C CP spectra that are representative
of the major biomass components of HEK293 cells; proteins, nucleotides and lipids2L. We
found that for cells pre-treated with NEM, the DNP enhancements for proteins, nucleotides
and lipids were 8, 10 and 7, respectively while for cells that were not pre-treated with
NEM, the DNP enhancements for proteins, nucleotides and lipids were 32, 24, and 27.
Although the EPR measurements indicated that most of the AMUPol was in the biradical
DNP-active form when the cells were pre-treated with NEM, the AMUPol in this sample
did not enhance the cellular components as well as it did in untreated cells. The DNP
enhancements for cells pre-treated with NEM were 70% lower than those for cells without
NEM pre-treatment. We next assessed DNP build up times (7g qn) for these samples and
found that the 75 o Values for cells pre-treated with NEM for proteins, nucleotides and
lipids were 3.4, 3.8 and 3.7 seconds, respectively while for cells that were not pre-treated
with NEM, the DNP enhancements for proteins, nucleotides and lipids were 6.3, 6.4, and 7.1
seconds (Table S3)44. Tg on Values of NMR signals are shorter when radical concentrations
increase. The T7p g, values for cells pre-treated with NEM were half of the 7g o value

for cells without NEM pre-treatment, consistent with the observation that treatment with
NEM prevents radical reduction. To assess the homogeneity of the AMUPol distribution
throughout the sample, we used both the regression error of the fit of the 7p o, data to

a mono-exponential equation as well as the p-factor from a stretched exponential fit4°.

If the concentration distribution of AMUPol is heterogenous, there will be a mixture of
underlying 7g on Values in the same, which will increase the regression error and decrease
the p-factor. For both samples, the regression errors were 1.6 + 0.6% and the p-factors were
0.92 +0.1 across all three representative biomass components, indicating a homogenous
dispersion of AMUPol throughout the biomass, as expected when AMUPol is introduced
into cells by electroporation. Thus, although pre-treatment with NEM preserves AMUPol
in biradical form and delivery by electroporation results in homogenous dispersion through
cells, pre-treatment of cellular biomass with NMR is not an effective approach to increase
sensitivity of in-cell DNP experiments.

Discussion:

In this study, we investigate the reduction of AMUPol in both lysed and intact HEK293
cells. We find that nitroxide radicals are reduced with first order reduction kinetics by

cell lysates at a rate of ~12% of the added nitroxide radical concentration per hour.
Electroporation delivered a consistent amount of AMUPol to intact cells and that nitroxide
radicals are reduced just slightly more rapidly (~15% per hour) by intact cells than by cell
lysates. The two nitroxide radicals of AMUPol are reduced independently and this leads to
considerable accumulation of the DNP-silent mono-radical form of AMUPol, particularly in
preparations of intact cells where nearly half of the AMUPol is already reduced to the DNP
silent mono-radical form at the earliest experimental time points. This confirms that the loss
of DNP-active bi-radical form of AMUPol is faster than the nitroxide reduction rate. Finally,
we investigate the effect of adding N-ethyl maleimide, a well-known inhibitor of thiol

(-SH) group-based reduction of nitroxide bi-radical in cells, on AMUPol reduction, cellular
viability, and DNP performance. Although pre-treatment of cells with NEM effectively
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inhibited the reduction of AMUPol, exposure to NEM compromised cellular viability and,
surprisingly, did not improve DNP performance. Collectively, these results indicate that
currently, the most effective strategy to obtain high DNP enhancements for DNP-assisted in-
cell NMR is to minimize room temperature contact times with cellular constituents because
pre-incubation with NEM was toxic to cells and results in reduced DNP performance despite
radical stabilization.

Although addition of NEM effectively inhibits reduction of nitroxide radicals by cells,
stabilization of the radicals does not translate to any improvement in DNP performance.
Poor DNP performance of NEM-stabilized nitroxide radical based polarization agents

in cellular samples appears to be independent of cell type (bacterial vs mammalian),
polarization agent (TOTAPOL vs AMUPol) and choice of cryoprotectant (10% DMSO
vs 15% glycerol). In the prior study of polarization stability in biological samples

of NEM-stabilized TOTAPOL mixed with bacterial cells, the poor DNP performance
was suggested to possibly result from poor permeability of the polarization agent into
bacterial cells3®. In this work, we eliminated permeability as a confounding factor by
introduction of the polarization agent into the cells by electroporation, yet still find that
the DNP performance in the presence of NEM is poor. DNP enhancements are dependent
upon the concentration of polarization agent; high concentrations of polarization agents
decrease DNP enhancements by bleaching the NMR signal. However, the experimental
concentrations used in these experiments are well below the concentrations that result in
bleaching in mammalian cells?L. The values of Tg on in this work are consistent with low
micromolar concentrations of AMUPol in cellular samples?! and analysis of the fits of
Tg,on do not indicate inhomogeneity in the distribution of the AMUPol throughout the
sample. Our current hypothesis is that the decrease in DNP efficiency may be due to a
product of the interaction between NEM and cellular constituents that compromises DNP
performance, especially because a large proportion of NEM is removed by a wash step
before DNP. Interestingly, in carefully matched standard samples, the inclusion of 10 mM
NEM in a standard proline sample in DNP juice decreased the enhancements on both
proline and glycerol by 15% with no changes of the 7g oy, indicating that even the presence
of NEM in a non-redox active sample compromises DNP performance. Overall, although
the mechanism for the loss of DNP performance is frustratingly unclear, the empirical
observation is unequivocal. While NEM prevents reduction of the radicals in polarization
agents, exposure of the sample to NEM not only kills mammalian cells but also results

in poor DNP performance. Thus, although pre-treatment with NEM preserves AMUPol in
biradical form and delivery by electroporation results in homogenous dispersion through
cells, pre-treatment of cellular biomass with NMR is not an effective approach to increase
sensitivity of in-cell DNP experiments.

The observation that mono-radical forms of AMUPol accumulate inside cells provides
insight into a confusing observation in prior work. In prior work, electroporation of HEK293
cells in the presence of 20 mM AMUPol resulted in the best DNP performance, although

the amount of AMUPol that was actually delivered into the cells was not quantified 19,

In this study, we found that electroporation consistently delivers approximately 10% of

the concentration of the AMUPol in the buffer during electroporation into the cells and

that at the earliest possible starting point for experimental measurements, about half of
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the AMUPol has already been reduced to the DNP-silent mono-radical form. Thus, in

these intact cell samples, the concentration of DNP-competent AMUPol that resulted in

the best DNP performance is ~2 mM. In contrast, in this work, we found that the starting
concentration of AMUPol corresponded to the amount of AMUPol added to the sample and
was all in the bi-radical form at the start of the experiment. In prior work, addition of 5

mM AMUPol to lysed cells followed by flash freezing resulted in best DNP performance
with a DNP enhancement is 93, which is considerably higher than the maximal DNP
enhancement of 60 in intact cells 2. This suggested that delivery of higher concentrations of
DNP-active AMUPol to cells should result in higher DNP enhancements. However, although
electroporation in the presence of 30 mM AMUPol results in the delivery of more radical

to the cells -- the 7p o, values decrease to 2.6 + 1 seconds from 4.0 + 0.6 seconds -- the
DNP enhancements decrease to 53 + 2 from 60 + 6 2. The quantitative deconvolution of

the EPR spectra undertaken in this work confirmed that the DNP-inactive mono-radical form
of AMUPol accumulates to significant levels in intact cells, even at the earliest possible
measurement point. Accumulation of the mono-radical form of AMUPol can compromise
the DNP efficiency due to paramagnetic relaxation effects*6-49, Therefore, the reduction of
the biradical form of AMUPol by cellular environments to the mono-radical form limits the
sensitivity of in-cell DNP NMR; the experimental sensitivity of in-cell DNP NMR is not
limited by radical delivery but rather by the reduction of the polarization agent by cellular
environments that results in the accumulation of DNP-inactive mono-radical species that
compromise the DNP performance.

Because even relatively slow reduction rates of polarization agents that rely upon the
cross-effect can limit the maximal enhancement through the build-up of DNP-inactive
mono-radical intermediate forms, development of bio-resistant radicals could improve
experimental sensitivity in complex biological systems. Indeed, in this example, improved
bio-stability could potentially double the DNP enhancement in the samples discussed here,
a change that would translate into either detection of biomolecules with half the abundance
in the same experimental time or more facile collection of spectra with lower efficiency
(such as heteronuclear experiments) or higher dimensionality. Moreover, development of
bio-resistant polarization agents could result in dramatic increases in the sensitivity of DNP-
assisted in-cell NMR, even if the modifications that confer biostability result in polarization
agents that are less efficient in purified settings. Development of bio-resistant polarization
agents could lengthen the sample manipulation time to accommodate studies that seek

to target the polarization agent to specific subcellular compartments or investigate time-
dependent processes particularly for radicals that are covalently attached to a biomolecule
of interest®50-56, Tri-radical based polarization agents could be more effective polarization
agents in cellular environments since reduction of one nitroxide will not immediately kill
the cross-effect mechanism®7-9, Collectively, the work here indicates that the most effective
strategy to obtain high DNP enhancements for DNP-assisted in-cell NMR is to minimize
room temperature contact times with cellular constituents and suggests the development

of bio-resistant polarization agents for DNP could considerably increase the sensitivity of
DNP-assisted in-cell NMR experiments.
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Materials and Methods

Sample Preparation

HEK?293 cells were grown in 10 cm culture dish in complete media, DMEM (Gibco, Cat#
10569) with 10% FBS and 1% Pen-Strep at 37 °C humidified incubation containing 5%
CO». Upon reaching 80%-90% confluency, cells were washed with 10 mL of 1X PBS
(pH 7.4, Gibco, Cat#10010) and un-attached using 2 mL of Tryp-LE (Gibco, Cat#12605).
Trypsin was inactivated by addition of 8 mL of complete media. Cell suspension was
centrifuged at 233 x g for 5 min to pellet the cells. Trypsin containing media was removed
and the cell pellet was washed 1X with PBS.

For electroporation, 50 uL of cell pellet was mixed with 50 L electroporation buffer
(Amaxa SF cell line 4D nucleofactor X kit L, Lonza, Cat# V4XC-2024) containing 20

mM AMUPol (CortecNet). Cells were mixed thoroughly and electroporated using Lonza
electroporator (Lonza 4D-Nucleofactor) using CM130 pulse. After electroporation, cells
were allowed to recover for 10 min at room temperature and washed twice with 1x PBS to
remove the extracellular AMUPol. Then, cells were mixed with DNP buffer (perdeuterated
PBS with 15% (v/v) dg-glycerol) and centrifuged at 233 x g for 1-2 min to pellet the

cells. The supernatant was removed, and the cell pellet was transferred into 0.94-mme-inner
diameter EPR capillary tube (VWR) and sealed. Samples contained ~10 million cells in the
27.5 pL volume of the rotor.

For lysates, 50 uL of cell pellet was mixed with 50 uL. DNP buffer perdeuterated PBS with
15% (v/v) dg-glycerol and AMUPol. Cells were lysed by four flash freeze-thaw cycles.
Lysed cells were transferred into EPR capillary tube and sealed. Lysates contained half the
number of cells per volume relative to intact cell samples.

For NEM treated cells, harvested cells were washed 1X with PBS to remove residual media.
50 pL of cells were suspended into 50 uL of NEM (Sigma, Cat# 04259) dissolved in PBS
and incubated at room temperature for 30 minutes. 50 pL of cells suspended in 50 pL of 1x
PBS were used as untreated control. After incubation, cells were washed with PBS once and
then mixed with 50 uL of electroporation buffer containing 40 mM AMUPol so that the final
concentration of AMUPol in the cell suspension is 20 mM. Cells were electroporated as
described, allowed to recover for 10 minutes at room temperature, and washed twice with 1x
PBS to remove extracellular AMUPol. Cells were then transferred into EPR capillary tube
and sealed for EPR experiments.

Cell viability assay using Trypan Blue dye

10 pL of cells suspended in PBS were mixed with 10 uL of 2X Trypan Dye. Total
cell viability was measured using automated cell counting machine (Countess Il FL, Life
Technologies).

Cellular Growth Assay

0.2 million cells were plated in 10 cm culture dish containing 10 mL of complete media
(DMEM with 10% FBS and 1% Pen-Strep). Cells were allowed to attach overnight. Media
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was changed after cells had adhered and growth was monitored for 7-8 days and images
were taken. Overall confluency as assess by visual inspection of three fields of view from
the tissue culture plate was plotted against time (in days) for determining growth.

DNP Sample preparation

Samples for DNP analysis were prepared as described 21. Briefly, 50 uL of cells (with or
without NEM pre-treatment) were mixed with 50 uL of 40 mM AMUPol in electroporation
buffer. Cells were electroporated using the pulse program CM130 in Lonza electroporator,
allowed to recover for 10 minutes at room temperature and then washed twice with PBS

to remove extracellular AMUPol. Next, cells were suspended 50 uL of perdeuterated PBS
(85% D,0: 15% H,0) and 18 pL of dg-glycerol for a final percentage of cryoprotectant in
the matrix of 15% (v/v). The cell suspension was centrifuged at 233 x g for 2 minutes into
a 3.2 mm sapphire rotor and the supernatant was removed. A silicone plug was inserted into
the rotor and capped. The rotor was frozen at a rate of in 1 °C/min cooler to —80 °C before
transferring into liquid nitrogen storage. Frozen samples cryogenically transferred into the
NMR spectrometer 36.

NMR spectroscopy

Rotors were transferred in liquid nitrogen directly into the NMR probe that was pre-
equilibrated at 100 K13, All dynamic nuclear polarization magic angle spinning nuclear
magnetic resonance (DNP MAS NMR) experiments were performed on a 600 MHz Bruker
Ascend DNP NMR spectrometer/7.2 T Cryogen-free gyrotron magnet (Bruker), equipped
with a IH, 13C, 15N triple-resonance, 3.2 mm low temperature (LT) DNP MAS NMR Bruker
probe (600 MHz). The sample temperature was 104 K and the MAS frequency was 12 kHz.
The DNP enhancement for the instrumentation set-up for a standard sample of 1.5 mg of
uniformly 13C, 15N labeled proline (Isotech) suspended in 25 mg of 60:30:10 dg-glycerol:
D,0:H,0 containing 10 mM AMUPol was between 130 and 140 and a Tg o, 0f 4.6 s. For
13C cross-polarization (CP) MAS experiments, the 13C radio frequency (RF) amplitude was
linearly swept from 75 kHz to 37.5 kHz with an average of 56.25 kHz. H RF amplitude
was 68~72 kHz for CP, 83 kHz for 90-degree pulse, and 85 kHz for 1H TPPM decoupling
with phase alternation of + 15° during acquisition of 13C signal. The DNP enhancements
were determined by comparing 1D 13C CP spectra collected with and without microwaves
irradiation using a recycle delay of 10 s. For Tg o, measurements, recycle delays ranged
from 0.1 s to 300 s. To determine the Tg oy, the dependence of the recycle delay using
saturation recovery on both 13C peak intensity or volume was fit to the mono-exponential
equation and the stretched-exponential equation , respectively. For 1D experiments, the data
were processed using NMRPipeb0. The real part of the processed spectrum was exported
using pipe2txt.tcl command. Peaks were integrated, and the time constants were obtained by
least-squares fitting with a single-exponential function. DNP enhancements were determined
by peak intensity.

EPR experiments

CW EPR data was acquired using a Bruker EMXnano X-band EPR spectrometer at
a frequency of 9.6 GHz with a center field of 3424 G and sweep width of 172 G.
Unless otherwise indicated, the following instrumental parameters were used: modulation
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frequency, 100 kHz; modulation amplitude, 1.00 G; conversion time, 5 ms; microwave
power, 0.32 mW; scan time, 8.6 s. All samples were loaded into 50 L microcapillary tubes,
and their EPR spectra were recorded at room temperature.

The concentrations of the biradical and mono-radical species of AMUPol were obtained
using Bruker’s Xenon software to subtract the spectrum of an AMUPol standard from
that of the bi-radical/mono-radical mixture at different time points. For the samples of
intact cells (electroporated with AMUPol) and the lysate mixed with 1 mM AMUPol, a
standard of 0.5 mM AMUPol in water was used for subtraction. For the lysate sample
mixed with 10 mM AMUPol, a standard of 5 mM AMUPol was used for subtraction. The
spectra of the standards were shifted, and the gain was adjusted during subtraction. The
total nitroxide concentration and the concentration of mono-radical were determined by
double integration and the concentration of bi-radical and the totally reduced forms were
determined by subtraction.

The nitroxide radical reduction curves for electroporated samples and lysates were fit to a
mono-exponential model with an offset (y=a*e”(—k*x)+c) using a least squares regression
algorithm in MATLAB. In this equation, y is either the total nitroxide concentration in mM
or the normalized fractional signal intensity, x is the time, and k is the rate constant. The
terms a and ¢ both describe the offset and were fit as independent parameters. The sum of a
and c equaled one in our fits.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. AMUPol is reduced at a modest rate by intact mammalian cells and lysates

. In cells, half the AMUPol is in the DNP-silent monoradical form at earliest
timepoint

. Electroporation delivers consistent quantities of AMUPol to intact cells

. Reduction is prevented by 2.5mM N-ethlymaleimide but viability is
compromised

. No improvement in DNP enhancements post reduction inhibition with NEM
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Figure 1:
Chemical structure of the nitroxide bi-radical, AMUPol. Upon exposure to reducing

environments of cells, the bi-radical is reduced to mono-radical form or completely reduced
form. Both the mono-radical and completely reduced forms are DNP-inactive.
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Figure 2:

Deactivation kinetics of AMUPol in HEK293 cells. (A). Reduction kinetics of AMUPol
in cellular lysates. The average AMUPol reduction rate for intact cells (black) is plotted
for comparison. Error bars are the standard deviation of 5 replicates from part C. (B) EPR
spectral changes over the time course of the reduction reaction for cell lysates with 1

mM AMUPol. (C) Reduction kinetics of AMUPol inside intact HEK293 cells. AMUPol
was introduced by electroporation of cells in the presence of 20 mM AMUPol, followed
by a 10-minute room temperature recovery period. After recovery, extracellular AMUPol
was removed and EPR measurement began. Total nitroxide concentration determined by
double integration of the EPR spectra is indicated by dots and lines indicate best fit to an
exponential decay. Each biological replicate is plotted in a different color. The concentration
AMUPol delivered to cells was about an order of magnitude lower than the concentration
present in the buffer at the time of electroporation as expected. (D) EPR spectral changes
over the time course of the AMUPol reduction reaction in intact cells. Displayed are the
individual spectra from the time course depicted in blue in C.
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Figure 3:

Determination of the contributions of the biradical and mono-radical populations of
AMUPol to the EPR spectra. A) The EPR spectra at the earliest time points for cells
electroporated with AMUPol had a significant contribution from a mono-radical form

of AMUPol. The subtraction of the EPR spectrum of a completely unreduced sample

of AMUPol in the biradical form (red) from the EPR spectrum of cells electroporated

with AMUPol (black) results in a spectrum characteristic of an isolated nitroxide radical
(blue). (B) The concentration (in millimolar) of the bi-radical (red), mono-radical (blue) and
completely reduced non-radical species (gray) changes with time for cells electroporated
with AMUPol. Error bars indicate the standard deviation of six independent measurements.
The concentration of the bi-radical (red), mono-radical (blue) and completely reduced non-
radical species (gray) for lysates after addition of (C) 1 mM AMUPol and of (D) 8 mM
AMUPol over time. In D, note that the concentration of the biradical species is divided by
10 to plot the concentration data on the same scale.
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Figure 4:
Effect of NEM pre-treatment on AMUPol reduction, cellular viability, and DNP

performance. A) Pre-treatment of cells with NEM slows cellular reduction of AMUPol.
HEK?293 cells were incubated with varying concentrations of NEM in PBS which

was removed before the introduction of AMUPol by electroporation. Total nitroxide
concentration was monitored by EPR for cells. B) AMUPol EPR spectra for cells that
were pre-treated with 2.5 mM NEM (orange) or PBS (gray) at the earliest time point
and after an hour of room temperature incubation. C) Pre-treatment of cells with NEM
compromises cellular membrane integrity. The trypan blue permeability decreased from
90 + 11 % for cells incubated with 0 or 1 mM NEM to 11 + 5% after incubation in

2.5 mM NEM. This change was significant (student’s t-test, * p < 0.05, *** p < 0.001).
D) Cells were unable to grow after pre-treatment with NEM. E) The DNP performance
for control cells was similar across the major biomass components. Peaks for the major

1duosnue Joyiny

biomass components are indicated by arrow heads for protein, nucleotide, and lipids (green,
blue, and pink, respectively) for the microwaves on and microwaves off 13C CP spectra. F)
Despite protection of the radical from reduction by 2.5 mM NEM pre-treatment, while DNP
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performance was similar across the major biomass components, the DNP enhancements
were low. G) NEM pre-treatment does not result in differences in the 13C CP spectra for the
cellular biomass.
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