JJOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Heoo®06

pubs.acs.org/JACS

In-Cell Quantification of Drugs by Magic-Angle Spinning Dynamic

Nuclear Polarization NMR

Andrea Bertarello, Pierrick Berruyer, Markus Artelsmair, Charles S. Elmore,
Sepideh Heydarkhan-Hagvall, Markus Schade, Elisabetta Chiarparin, Staffan Schantz,*

and Lyndon Emsley™

Cite This: J. Am. Chem. Soc. 2022, 144, 6734-6741

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

e Supporting Information

ABSTRACT: The determination of intracellular drug concen-
trations can provide a better understanding of the drug function
and efficacy. Ideally, this should be performed nondestructively,
with no modification of either the drug or the target, and with the
capability to detect low amounts of the molecule of interest, in
many cases in the yM to nM range (pmol to fmol per million cells).
Unfortunately, it is currently challenging to have an experimental
technique that provides direct quantitative measurements of
intracellular drug concentrations that simultaneously satisfies
these requirements. Here, we show that magic-angle spinning
dynamic nuclear polarization (MAS DNP) can be used to fulfill
these requirements. We apply a quantitative N MAS DNP
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approach in combination with "N labeling to quantify the intracellular amount of the drug ['"N]JCHIR-98014, an activator of the
Wingless and Int-1 signaling pathway, determining intracellular drug amounts in the range of tens to hundreds of picomoles per
million cells. This is, to our knowledge, the first time that MAS DNP has been used to successfully estimate intracellular drug

amounts.

B INTRODUCTION

In order to study the pharmacological activity of a drug, its
amount at the intracellular effector site must be determined,
which is often difficult to measure.' ™ Intracellular quantifica-
tion should ideally be performed nondestructively, with no
modification of either the drug or the target, and requires the
capability to detect low amounts of the molecule of interest.
Unfortunately, it is currently difficult to provide direct
quantitative measurements of intracellular drug concentrations
satisfying all these requirements simultaneously.”

Solution NMR is routinely used for the nondestructive, tag-
free quantification of analytes even in complex mixtures.””’
NMR can be used with success to identify components inside
intact cells,*™"> however, in such applications, NMR is
hindered by low sensitivity and is biased toward the analysis
of molecules in a fast motional regime, which is not always the
case in the intracellular environment, for example, in the case
of molecules interacting with large proteins."’

Magic-angle spinning dynamic nuclear polarization (MAS
DNP) can in principle be used to overcome these two
drawbacks, providing both significantly increased sensitivity
and the detection and characterization of immobilized
molecules.'*”'® MAS DNP has been shown to be relevant in
pharmaceutical characterization problems,'” and over the last 3
years, MAS DNP of intact cells has attracted significant
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attention.'®”>' MAS DNP enabled us to push the detection
limit of NMR down to the ~100 pmol range for *'P NMR
spectra of phosphorothioester probe groups in DNA and
microRNA  strands.”” Indeed, MAS DNP has already been
shown to allow the otherwise challenging detection of
isotopically enriched proteins in cells'”* and, recently, to be
able to observe P NMR spectra from 16-mer siRNA
fragments in cells’’ or in lipid nanoparticles.”*

However, to our knowledge, MAS DNP has not been used
up to now for the detection of drug molecules or for the
quantification of analytes in-cell. We recently demonstrated
that it is possible to quantify analytes using DNP by adding an
internal standard, analogously to approaches used in solution
NMR, and using a multiple-contact cross-polarization (CP)
acquisition scheme.”> Here, we apply the same approach to
quantify the drug [""'N]CHIR-98014 (Figure 1) in HEK293
cells. ["*NJCHIR-98014 is an inhibitor of the glycogen
synthase kinase-3 protein and acts as an activator of the
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Figure 1. Structure and labeling of ['"N]JCHIR-98014.

Wingless and Int-1 (Wnt) signaling pathway.”® The selective
detection of the drug through the signal of the NO, group in
SN MAS DNP NMR spectra allows us to determine in-cell
drug amounts between 20 and 490 pmol per million cells as a
function of the incubation conditions. Ex situ liquid
chromatography coupled with mass spectrometry (LC—MS)
is used as an orthogonal quantification method.

B RESULTS AND DISCUSSION

In order to detect specific molecules in cells, the target
molecule must be distinguished from the background. As a
result, the most widespread approach to in-cell NMR is to
study proteins that are both isotopically enriched (usually in
"N and "C) and often present at concentrations that are
higher than physiological.””~** Such samples allow sophisti-
cated multidimensional experiments to be performed to follow
interactions,>"* post-translational modifications,®>** or com-
plete structure determination.'”** The in-cell studies of small
molecules are by comparison much less widespread.'”*>*” A
key limitation is the detection limit of solution-state NMR,
which is combined with the need to distinguish the signals of
the small molecule from the background at physiologically
relevant concentrations, which will usually be much larger. To
address these issues, and in order to maximize the limit of
detection, here we use MAS DNP in combination with *N
labeling of the NO, group to detect and quantify CHIR-98014
(Figure 1) in cells following incubation with the drug. The
drug is selectively "N labeled at the nitro group position to
assure higher sensitivity and selectivity as it avoids any overlap
with the cellular background. The N NO, resonance is
expected in a region of the spectrum which should otherwise
be largely empty (i.e., there will be no overlap with natural
abundance *N signals from proteins, nucleic acids, or other
metabolites present at significant concentrations). Nitro
groups are otherwise not expected to be present at significant
levels and should not be visible in the "N NMR spectra at
natural isotopic abundance (Figure S1).

Solution NMR and MAS DNP characterization of the pure
drug show a single °N resonance arising from the nitro group
at 368 ppm (Figure S2). As can be seen in Figure S3, with a
("H)=""N CP experiment under MAS DNP conditions, a
detection limit below 100 pmol can be achieved over 3 days of
acquisition time. This represents an improvement of a factor of
4 with respect to standard 'H solution NMR at the same
magnetic field, and of a factor of almost 200 compared to °N
solution NMR. Note also that these estimations were obtained
for pure solutions. In the complex intracellular environment,
the detection limits for solution NMR are expected to be
higher due to the slower motional regime experienced by the
drug and, in the case of 'H NMR, to the overlap of the signals
with the cellular background.

Figure 2 shows the ('H)—""N multiple-contact CP DNP
enhanced spectrum acquired from a sample of HEK cells (3 X
10° cells) incubated for 6 h with a S M solution of
[*N]CHIR-98014. The spectrum was acquired over ~36 h at
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Figure 2. ("H)—"SN multiple-contact CP*' (number of CP loops =
10, inter-CP delay = 2.5 s) DNP enhanced spectrum of HEK293 cells
incubated with 5 uM ["*N]CHIR-98014 for 6 h, then washed and
resuspended in DMSO-d¢/D,0/H,0 60:30:10,,, AMUpol 14 mM
and PN, BC v-histidine-HCI 343 uM. The spectrum was acquired at
10.5 kHz MAS and 100 K on a 94 T (400 MHz for 'H)
spectrometer. The spectrum was acquired in 5120 scans, using a
recycle delay of 0.1 s for a total acquisition time of 36 h. The number
in parenthesis represents the total contribution of the cellular
background to the signals of histidine.

10.5 kHz MAS and ~100 K on a 94 T (400 MHz)
spectrometer. Washing of the cells, as described in the
Methods section, assures the removal of any residual
incubation buffer. The cells are suspended in a DMSO-d,/
D,0/H,0 solution containing 14 mM AMUPol as a polarizing
agent.’® An exactly known amount of *C, "N-labeled histidine
(2.22 nmol) is added to the polarizing solution as a
quantification standard.

In the spectrum, resonances arising from the cellular
background are clearly observable between 100 and 120 ppm
(assignable mostly to protein amide backbone resonances and
tryptophan, asparagine, and glutamine side chains) and
between 80 and 100 ppm (assignable mostly to arginine side
chains and nucleic acids).”” Resonances from the histidine
standard are observable at ~40 ppm (amine group) and ~170
and ~250 ppm (aromatics). The presence of two distinct
resonances for the aromatics indicates that the pH of the
suspended solution is probably close to neutral.*’ Histidine
signals are partially overlapped with resonances from the
cellular background, notably lysine side chains, nucleic acids,
and naturally occurring histidine side chains. The contribution
of these background resonances to the integral of the standard
histidine signals was evaluated from a sample prepared without
the addition of any standard, and is reported in brackets in
Figure 2.

Finally, a clearly observable signal assignable to ["*N]CHIR-
98014 is seen at ~370 ppm. The signal has a chemical shift
almost identical to that observed in frozen solutions.

The quantification of the drug is performed from the
integrals of the drug and of the standard, histidine. However,
here, a complication arises from the fact that the DNP
enhancement is expected to be nonuniform within the
cells."”**™** To resolve this, ideally, one would measure the
enhancement from the comparison of the '*N multiple-contact
CP spectra acquired in the presence and absence of microwave
irradiation. However, by the very nature of these experiments,
where the signal from the drug is already barely detectable in
the microwave-on spectrum, acquiring the microwave-off
spectrum is not feasible. Therefore, we measured enhance-
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ments from the ("H)—"3C CP spectra (Figure S4), where the
enhancement measured for the solvent (¢ = 244 + 6) is almost
1 order of magnitude larger than the lowest enhancement
measured for components of the cells (¢ = 25 + 4 for the
aromatics, mostly nucleic acids).

Measuring the enhancement for the standard, histidine, is
hampered by the background in the B3¢ experiments; however,
a large fraction of the sample (see Methods) is occupied by the
polarizing solution and one of the aromatic peaks of histidine
in the ("H)—"C CP spectrum, which is expected also to have a
lower (but still non-negligible) contribution from the cellular
background, displays a "H DNP enhancement of ~210. This
indicates that only a negligible fraction of the total histidine
permeates the cells, and we can therefore assume that the
histidine enhancement is the same as that of the solvent.">*
For the drug, two limiting cases can be considered: either the
drug is buried in the cells, and therefore its enhancement is as
low as the lowest measured enhancement for the cells (& = 25
+ 4), or it is adsorbed on the cell surface, which is essentially in
the same phase as the polarizing solution and shares the same
enhancement as the solvent (¢ = 244 + 6). In the first case,
this yields an amount of [*N]JCHIR-98014 per million cells,
ficumr, Of 196 + 112 pmol, while in the other case, ncyr = 20 +
9 pmol.

In order to validate the result, we performed an ex situ
quantification of cell extracts using LC—MS.*~*® Briefly, the
sample used for DNP MAS was recovered and resuspended in
acetonitrile and subjected to two freeze and thaw cycles. The
supernatant was then harvested, diluted in methanol, and
analyzed using LC—MS. From an external calibration curve
(Figure SS), we determined ncyr = 81 + 12 pmol, which falls
within the range identified by MAS DNP, validating our in-cell
detection and quantification approach.

Using the same strategy, it is possible to quantify different
classes of metabolites in the cell whose signals, once quantified,
can be used as internal standards in future experiments. As
mentioned, the region in the "N spectrum comprised between
100 and 120 ppm is largely assignable to protein amide
resonances, and therefore represents a good candidate for the
estimation of the total protein content in the cell. A large
fraction of the proteins in the cell are buried in the cytoplasm,
and therefore the lowest enhancement (25 + 4) can be
assumed in this case.

We note that, in principle, the carbonyl region of the *C
spectrum would represent a better choice for the direct
estimation of the protein enhancement; however, as mentioned
above, this is hampered by overlap with the histidine CO
signal. Nevertheless, we observed that in samples prepared
without the addition of histidine, the enhancements are
relatively uniform among the different cellular components, as
shown also by Ghosh et al.**

Taking into account that the protein signals arise from
natural abundance "*N (0.4%), the total amount of protein per
million of cells is estimated to be 2.95 + 0.98 umol, which is in
good agreement with the 3.22 umol value in the literature for
HEK cells.* (See Table S2 for additional details).

Once a constant intracellular reference is identified (even if
the absolute quantification is uncertain), the need to add an
external quantification standard is removed. This is exemplified
in Figure 3, where the ("H)—'°N multiple-contact CP DNP
enhanced spectrum for HEK293 cells (3 X 10°) incubated for
6 h with a 10 #M solution of CHIR 98014 is shown in orange.
The spectrum is overlapped with the same spectrum shown in
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Figure 3. ('"H)—"N multiple-contact CP MAS DNP enhanced
spectrum of HEK293 cells incubated with ['*N]CHIR-98014 for 6 h
then washed and resuspended in DMSO-d,/D,0/H,0, AMUpol 14
mM 60:30:10,, (orange) or DMSO-ds/D,0/H,0 60:30:10,,,
AMUpol 14 mM and "N, BC r-histidine HCl 343 uM (blue).
Blue: incubated with 5 uM [N]CHIR-98014. Orange: incubated
with 10 uM [’N]CHIR-98014. The spectra are normalized to the
amide region. The spectra were acquired at 10.5 kHz MAS (blue) and
13 kHz MAS (blue) and 100 K on a 9.4 T (400 MHz) spectrometer
with 5120 and 1536 scans for the blue and orange spectra,
respectively.

Figure 2, and both spectra are normalized to the amide region,
as we can assume that the total protein content in the cells
does not significantly vary. Following the previous approach,
and using this time the amide signal as an intermediate
standard, it is possible to identify a range for ncyr comprised
between 54 + 19 and 490 + 280 pmol, a factor of ~3 higher
than the previous case, which is in substantial agreement with
the factor of 2 difference in the starting incubating solutions.

Here, we used a protocol for sample preparation that has
been widely used in the DNP community and also for
biological samples.'”*° The protocol is detrimental to the
viability of the cells.***° In the present study, however, we only
require that the cells remain largely intact, without significant
lysis, and we do not require the cells to be viable post-thawing.
If cell viability post-thawing is required, this can be achieved
for MAS DNP experiments using the recently introduced
protocols'®**°°! that are otherwise perfectly compatible with
the quantification approaches here.

Note that the spectrum of the polarizing solution (Figure
S6) recovered ~S min post-thawing after the experiments does
not show any signal from the drug itself after a comparable
acquisition time, which excludes any significant release of the
drug into the polarizing solution and shows only a barely
detectable contribution from the cell background. From the
spectrum in Figure S6, which was acquired over an
experimental time comparable to the spectrum in Figure 3
and which displayed a comparable enhancement, we concluded
that only a small fraction (~10%) of the cells were lysed to the
point that would significantly release the compound of interest.
Moreover, a large (factor ~10) difference in enhancement is
observed between the cellular components and the polarizing
solution. This is a strong indication that the cells are largely
intact and, again, that there is negligible lysis of the cells during
the ~10 min period between first exposure to dimethyl
sulfoxide (DMSO) and freezing (which applies also for the
sample analyzed in Figure 2). This is also confirmed by a
trypan blue assay performed on a parallel batch of HEK cells
(Figure S7): cells exposed to 60% DMSO and frozen directly
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using the spectrometer lose their viability but overall preserve
their shape without being extensively lysed.

We point out that in this system there is a fairly large
variability in the drug uptake by the cells from one preparation
to another, as is common (data not shown), and that this
results in some cases in the drug concentrations, as confirmed
by LC—MS, being below the MAS DNP detection limit.

In summary, using the MAS DNP approach in combination
with a "NO, probe group and both an external and internal
standard, we are able to detect and identify the drug amounts
in the picomole range in HEK293 cells incubated with the
drug. The drug amount is cross-validated by ex situ LC—MS.
We show that the drug amount can be straightforwardly
monitored as a function of, for example, the concentration in
the incubating solution.

We note that the chemical shift observed for the *NO,
group is very similar to that observed in the frozen solution.
The spectrum also exhibits a narrow resonance. This suggests
that either the bulk of the drug is being observed in the
solution inside the cells, or that interactions with various other
components, including the drug receptor, do not lead to
significant changes in the '“NO, chemical shift. It is also
possible that some of the drug is found in environments with
different >N chemical shifts, but that these environments are
below the detection limit here. To lead to a detectable signal in
the experiments shown in Figures 2 and 3, we estimate the
environments yielding a given chemical shift would need to
have a concentration >1—10 yM in the rotor, depending on
the localization within the cells.

We identify two main limitations to the widespread use of
the approach discussed here that should be addressed in the
future. The first is the detection limit, as discussed above. The
second is the impossibility of directly measuring the DNP
enhancement for the drug, which leads to some uncertainty in
the quantification. This can be considerably reduced if the
methodology presented here is complemented with informa-
tion on the localization of the drug, which could allow a better
estimation of its enhancements and, therefore, its quantifica-
tion. We imagine that, for example, measurements of relayed
DNP,* chemical shift perturbations (even if it is not the case
in the present work) or orthogonal bioassays could potentially
provide information on the localization of the drug itself.

B CONCLUSIONS

The determination of intracellular drug concentrations is
fundamental in order to study their pharmacokinetics and
pharmacodynamics. Although the plasma and blood concen-
trations of drugs often represent good surrogate measurements,
this is not always the case, especially when the drugs are })oorly
permeable, metabolized in vivo, or actively transported.”

Here, we have introduced a new approach to quantifying
drugs in cells using DNP MAS NMR. This does not require
any modification of the drug itself, except for isotope labeling,
which does not change the physico-chemical properties of the
compound (hence the in-cell uptake propensity).

This is unlike fluorescent labeling, for example, the latter,
despite being a highly sensitive technique, usually involves
chemical tagging of the compound, which can modify its
chemical properties and its transport, binding, or localization in
the cell. Moreover, here, the quantification can be performed
on intact cells, which can be complementary to MS. Indeed,
MS is more sensitive than DNP NMR, but it usually requires
lysing the cells in order to extract the compound of interest.
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Therefore, it is not an adequate technique whenever sample
integrity is an issue or when spatial information is required.
More importantly, here, it requires the ability to quantitatively
fully extract the compound of interest, which can be an issue
when it is poorly soluble or engaged in strong interactions
with, for example, a binding partner. Furthermore, we note that
the most recent developments in sample preparation protocols
for MAS DNP NMR allow not just for cells to remain intact
but also for cells to remain viable following thawing,“’50 which
opens up the exciting possibility of following time courses of
unmodified drugs using the NMR approach. The methodology
introduced here is, of course, not intended to replace but
rather to complement other quantification approaches
currently used in biology.

We demonstrated the approach by measuring HEK293 cells
incubated with ['*N]CHIR-98104, an activator of the Wnt
signaling pathway, where we were able to identify a
concentration range for the drug between 196 + 112 and 20
+ 9 pmol per million cells. The interval identified with MAS
DNP corresponds to ex situ quantification from cell extracts
with LC—MS, validating our in-cell detection and quantifica-
tion approach.

With the same approach, we are able to determine the total
amount of protein in the cells through the integration of the
amide signal in the N spectrum, estimated at 2.95 + 0.98
umol per million cells, and we show how N protein signals
can be used as an intermediate standard in the cells, avoiding
the necessity to add an external standard.

Although the MAS DNP approach introduced here is a
sensitive technique and considerably improves the sensitivity
for NMR quantification, it still suffers from lower sensitivity
compared to MS or fluorescence spectroscopy. The limit of
detection determined for [*N]CHIR-98104 in the present
work corresponds roughly to submicromolar intracellular
concentrations. Although this is an extremely relevant range
for drug activity, some targets of interest can have intracellular
concentrations in the nanomolar or subnanomolar ranges.
Moreover, in the case that no chemical shift distinction could
be performed between the drug and the cellular background,
the quantification of very diluted species can be difficult, even
if with a careful blank subtraction approach this should be still
potentially feasible.”> We note that the approach can also be
used with '"F- or *'P-based probes, which have extensive
precedent in the NMR literature, and have already been
combined with MAS DNP experiments™”*” in the same way as
for the 'NO, probe used here. In particular, the limit of
detection can potentially be pushed further down with the
detection of the more sensitive '°F nucleus, especially given
that it is present in many drugs and is almost absent in cells,
obviating the problem of the cellular background. We expect
that ongoing improvements in DNP instrumentation and the
design of polarizing agents will further increase the sensitivity
of the technique,”*”* and the applications of the more recently
introduced preparation protocols™**® will enhance the
approach presented here. The present approach can also be
affected if the drug is metabolized by the cells. As long as the
metabolite signals do not overlap with the drug signal, the
quantification of the drug itself should not be affected, but the
overall sensitivity will be lowered by the fact that the integral
associated with labeled '*N groups would be spread over the
signals of all the products of the metabolization process, which,
depending on the metabolic process, might also overlap with
the cellular background. However, at least in principle, this
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could represent a powerful tool to study the pharmacokinetics
of the drug.

The approach presented is a potent strategy for the
quantification of drugs in cells and, more generally, of low
concentrations of analytes in complex mixtures, which can
complement other commonly used quantification techniques
in biology and chemistry.

B METHODS

Cell Preparation. HEK293 cells were cultured in a T-75 cm?
culture flask with a medium composed of Dulbecco’s modified Eagle’s
(DMEM, GIBCO, 12800-017), 10% fetal bovine serum (FBS) (Gibco
Fetal Bovine Serum, Qualified, Cat. 26140095), 2 mmol/L glutamine,
and penicillin—streptomycin 100 U/mL, and incubated at 37 °C in
5% CO, and 95% saturated atmospheric humidity. The culture
medium was changed every 2 days until the cells attained 80%
confluence, then the cells were expanded. Briefly, the cells were rinsed
with Ca®*/Mg’* free Dulbecco’s phosphate-buffered saline (PBS).
TrypLE Express Enzyme (1X), no phenol red, was added to detach
the cell layer from the flask. The enzyme activity was stopped by
adding culture medium containing serum to the flask. The cells were
aspirated by gently pipetting, transferred to a tube, and centrifuged at
1000 rpm for S. The cell pellet was resuspended with culture medium
and dispensed into a T-75 cm? culture flask at a density of 15-x 10°
cells/cm?* and incubated at 37 °C and 5% CO, for 24 h, followed by
the replacement of the culture medium by prewarmed fresh medium
containing S or 10 uM ['*N]CHIR-98104 for an experimental period
of 6 h. At the endpoint, the cells were detached from the culture flask
using TrypLE, as described before. The cells were counted and
checked for their viability before centrifugation. The cell pellet was
resuspended in 1 mL of freezing medium containing 90% FBS + 10%
DMSO to yield a cell suspension of 3-X 10 cells/mL. The cells were
cryopreserved in an isopropanol chamber at —80 °C overnight. For
long-term storage, the vials were transferred to liquid nitrogen and
stored in the gas phase above the liquid nitrogen. All the steps were
carried out under aseptic conditions.

["*NICHIR-98104. [*N]CHIR-98104 was synthetized following
an adaptation of a literature procedure.”® The detailed synthesis is
reported in the Supporting Information.

Sample Preparation. Solution NMR of [*NJCHIR-98014. A bulk
solution of CHIR98014 was prepared by dissolving the drug in
DMSO-d, to a final concentration of 1.06 mM and filtering. 500 uL of
the solution were transferred to a S mm NMR tube and characterized
by solution NMR.

MAS DNP NMR of [*NJCHIR-98014. A 1.06 mM solution in
DMSO-dg was diluted with D,0 and H,O dissolving AMUpol*® in
order to obtain a 10 mM AMUpol, DMSO-ds/D,0/H,0 60:30:10,,,
solution. 20 uL of the solution were transferred into a 3.2 mm
sapphire rotor, subsequently sealed with a silicon plug and closed with
a zirconia cap, and transferred in a precooled DNP spectrometer.

MAS DNP NMR of HEK Cells. Cryopreserved HEK cells previously
incubated with ["*NJCHIR-98014 5 uM for 6 h were thawed in 37 °C
water bath for ~2—3 min and pelleted at 200g for S min to remove
the supernatant. Cells were resuspended in 100 uL of DMSO-d4/
D,0/H,0 60:30:10,,, and pelleted again at 2000g for 5 min, and after
removal of the supernatant, resuspended in 7.7 mg of a 14 mM
AMUpol, 343 uM "C,*N L-histidine-HCl, and a DMSO-dg/D,0/
H,0 60:30:10,, solution (total amount of histidine in the rotor was
2.22 nmol). The entire sample was transferred to a 3.2 mm sapphire
rotor by centrifugation at 2000g for 1 min. The rotor was sealed with
a silicon plug, closed with a zirconia cap, and transferred to a
precooled DNP spectrometer. Cryopreserved cells previously
incubated with ['’N]CHIR-98014 10 uM for 6 h were prepared in
the same way without the addition of *C—'5N v-histidine-HCI. After
the DNP experiments, the sample was thawed and centrifuged in
order to separate the supernatant from the cell pellet, and the
supernatant (~10 uL) was transferred to a 3.2 mm sapphire rotor,
diluted with 5 yL of a DMSO/D,0/H,0 60:30:10,,, solution to
ensure the rotor stability, and sealed with a silicon plug and closed

6738

with a zirconia cap. The time between removing the sample from the
spectrometer (thawing) and separation from the pellet was ~S min.
The rotor was transferred to a precooled DNP spectrometer, and
DNP enhanced spectra (with measured 'H enhancements similar to
that of the solvent in the frozen cell samples) were acquired to check
for the presence of dissolved drugs and/or cellular components.

NMR Experiments. Solution NMR experiments were acquired on
a 141 T (600 MHz) AVANCE III Bruker spectrometer equipped
with a double resonance broad band S mm probe (Figure S3), and on
2 9.4 T (400 MHz) equipped with a double resonance broad band $
mm probe (Figure S2). DNP enhanced MAS NMR experiments were
performed on a 400 MHz (9.4 T) AVANCE III HD Bruker NMR
spectrometer, coupled with a 263 GHz gyrotron microwave source
and equipped with a 3.2 mm triple resonance low-temperature probe.
The magnetic field was adjusted using the internal sweep coil to
match the maximum enhancement of AMUPOL. The MAS probe has
been tuned to 'H, *C, and "*N. Experiments were performed at ~100
K and at 10.5 kHz MAS (CHIR98104 S uM) or 13 kHz MAS
(CHIR98104 10 uM). (*H)—"N multiple-contact CP experiments
were acquired using the pulse sequence used in refs 41 and 56. The
'H tf field was ramped from 90 to 100% during the contact time. The
recycle delay was set to 100 ms. Spectra were acquired with 10 CP
loops and an inter-CP delay of 2.5 s = Tj,, (CHIR98104 S M) or §
CP loops and an inter-CP delay of 6 s = 2 Ty ,, (CHIR98104 10 uM).
To check for the presence of dissolved drugs in the supernatant
(Figure S6), a DNP enhanced ('H)—' N multiple-contact CP
spectrum (with measured 'H enhancements similar to that of the
solvent in the frozen cell samples) was acquired and compared to a
DNP enhanced (‘H)—"N CP multiple-contact CP spectrum of the
cells acquired in the same amount of time. Furthermore, details are
provided in Table S2.

LC—MS Experiments. After DNP experiments, the full sample
from Figure 2 (20 pL total) was resuspended in 100 yL of acetonitrile
and subjected to two cycles of freeze (—80 °C) and thaw (25 °C). 10
HL of the supernatant were mixed with 90 yL of methanol and 5 L of
DMSO and analyzed in the LC—MS. The calibration curve (Figure
S5) was performed with the solutions of [“N]CHIR-98014 in
methanol with the following concentrations: 500—250—100—50—25—
10—1 nM.

Trypan Blue Assay. 400 uL of a 3 x-10° mL™" suspension of
HEK cells were divided into four identical aliquots and pelleted at
200g for 5 min. The first aliquot was resuspended in 15% DMSO,
75% D,0, and 10% H,O for 5§ min. The second aliquot was
resuspended in 15% DMSO, 75% D,0, and 10% H,O for S min, and
the third in 60% DMSO, 30% D,0O, and 10% H,O for 5 min. The
second and third samples were then packed into 3.2 mm rotors as
previously described, and frozen directly in the spectrometer, then
thawed. All the three samples were then pelleted and resuspended in
500 uL of PBS pH = 7.2 buffer. The fourth aliquot was suspended in
pure acetonitrile for S min. For the assay, all the four resulting
suspensions were mixed 1:1 with a 0.4% trypan blue solution for 5
min before observation.

Quantification Procedure. The quantification for multiple-
contact CP experiments is performed through the integrals of the
SN signals of interest using the following expression57
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N,
=y
NX R{

5
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where the subscripts x and s refer to the analyte and the standard,
respectively. n is the number of moles, I is the microwave-on NMR
integral, € is the DNP enhancement, and N is the number of nuclei
associated with a given signal. P is a factor which takes into account
the purity of the standard and the isotope abundance of *N (natural
abundance is assumed here to be 0.4%). For histidine signals, a
correction factor taking into account the contribution to the signal
from the cellular background is applied (as shown in Figure 2). In
order to provide an estimation of the uncertainty, average integrals
from four different processings of the same data set are used.
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The error on n,, An,, is determined from the propagation of errors
as it follows

A, AL, Ag, = Ag
An, = n, + + +
IX S SX 85

where AI and AI, represent the 95% confidence interval of the
averaged integrals and Ae, and Ag, represent the uncertainty in the
enhancements, respectively, determined according to Lelli et al.*®

For LC—MS, the quantification is performed from a linear fitting of
the calibration curve, after taking into account the dilution factors.
The error is determined from the propagation of the errors of the
intercept and the slope determined from the fitting.
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