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Studying the structural aspects of proteins within sub-cellular compartments is of growing interest.
Dynamic nuclear polarization supported solid-state NMR (DNP-ssNMR) is uniquely suited to provide
such information, but critically lacks the desired sensitivity and resolution. Here we utilize SNAPol-1,
a novel biradical, to conduct DNP-ssNMR at high-magnetic fields (800 MHz/527 GHz) inside Hela cells
and isolated cell nuclei electroporated with [*C,*°N] labeled ubiquitin. We report that SNAPol-1 passively
diffuses and homogenously distributes within whole cells and cell nuclei providing ubiquitin spectra of
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Accepted 24th August 2023 high sensitivity and remarkably improved spectral resolution. For cell nuclei, physical enrichment
facilitates a further 4-fold decrease in measurement time and provides an exclusive structural view of the

DOI: 10.1035/d3sc02117¢ nuclear ubiquitin pool. Taken together, these advancements enable atomic interrogation of protein
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Introduction

Organelles are physiochemically distinct microenvironments
tuned to efficiently execute biological processes.'” Recent
technological advancements have made rapid in situ whole-cell
and organelle-specific protein interactome mapping with
nanometer resolution possible.*® The next step in deepening
our knowledge of these processes lies in gathering organelle-
specific atomic-level structural data.

Nuclear magnetic resonance (NMR) provides atomic-
resolution data and is amenable for application in situ. Promi-
nently, solution-state NMR has been used to characterize
rapidly tumbling or intrinsically disordered biomolecules
within intact eukaryotic cells and isolated mitochondria.”* To
overcome tumbling limitations, magic angle spinning (MAS)
solid-state NMR (ssNMR), has been applied to probe abundant
globular proteins,” soluble as well membrane-embedded
proteins in bacteria,"*** and protein-enriched eukaryotic
membrane vesicles.'®
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conformational plasticity at atomic resolution and with sub-cellular specificity.

Overcoming sensitivity limitations in ssSNMR is increasingly
possible by application of dynamic nuclear polarization (DNP)
based-ssNMR (DNP-ssNMR),"” which greatly increases sensi-
tivity by transferring electron polarization from carefully chosen
biradical polarization agents (PAs) to NMR active nuclei. It has
already allowed to determine the supramolecular structure of
native diatom biosilica as well as to visualize structural
elements of and binding events to supra-protein complexes
embedded in native-membranes derived from both bacteria
and human cells.'**** Moreover, DNP-ssNMR has been applied
to cell lysates,**** eukaryotic cells grown as 2D or 3D
cultures,”>* and to soluble proteins in bacteria’® and within
eukaryotic cells at near endogenous (UM) concentrations.?® In
spite of these advancements, our current knowledge regarding
line-broadening effects under low temperature-DNP conditions
stems from in vitro preparations where inhomogeneous
broadening usually dominates and correlates with local protein
dynamics,***° resulting in narrow line widths for rigid protein
segments and broader distributions for mobile or surface
exposed residues.?®?7:3%3*

However, all these applications have been limited to DNP
setups operating at comparatively low magnetic field (400 MHz/
600 MHz).>**>**?* Extending such experiments to higher
magnetic fields has been complicated by a lack of suitable
PAs.”>** Secondly, obtaining detailed information regarding the
penetration and distribution of PAs within whole cells is crucial
for correlating in-cell DNP-ssNMR readouts with sub-cellular
localization. Lastly, further complications may arise in cells
where the surrounding physio-chemical environment varies in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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space and time (see, e.g. ref. 32 and 33) leading to additional
unfavorable broadening mechanisms that may prohibit
a detailed conformational analysis of the protein of interest at
low magnetic fields.

Here, we set out to address these issues and to determine
whether SNAPol-1, a PA with demonstrated exceptional high-
field performance in vitro,**** could be efficiently utilized in
the context of high-field in cell DNP-ssNMR. Through confocal
z-stack microscopy we investigated the distribution of SNAPol-1
in whole cells and cell nuclei. In line with DNP ssNMR data, our
findings suggest a homogeneous distribution of PA in both
preparations. To confirm confocal data and further probe
potential SNAPol-1-related sensitivity and resolution improve-
ments, we conducted high-field (800 MHz) DNP-ssNMR exper-
iments on HeLa cells and isolated nuclei containing [**C,"’N]
ubiquitin (Ub), a post-translational modifier that regulates
a host of cellular functions,* delivered by electroporation.*
Comparison of our high-field in-cell and in nuclei data with in-
cell data acquired at 400 MHz and on in vitro Ub revealed
significant improvement in spectral sensitivity and resolution at
800 MHz DNP conditions thus providing an avenue for broadly
studying the conformational landscape of proteins in cells at
atomic resolution and with sub-cellular precision.

Results and discussion

It is well established that a PA's DNP performance is highly
reliant on it being in close proximity to the molecular species of
interest.>*?*%” To assess SNAPol's suitability for cellular appli-
cations we first investigated its ability to passively enter and
distribute within mammalian cells. Confocal z-stack micros-
copy of HeLa cells treated with fluorescein isothiocyanate (FITC)
tagged-SNAPol-1 (Fig. S17) dissolved in “DNP Juice” (6:3:1 d8
glycerol : D,0O : H,0) revealed that SNAPol-1 passively entered
cells distributing homogenously within the luminal space,
similar to PyPOL (Fig. 1A and S2t).* Due to its large size (1.6
kDa), we postulate that glycerol-induced membrane-
permeability plays a role in facilitating SNAPol-1 entry into
cells.?®

To validate our confocal data, we initially conducted DNP-
ssNMR experiments on HeLa cells and later isolated nuclei
electroporated with 1.2 mM [**C,'>N] Ub. For both type of
preparations, we also performed solution-state NMR control
experiments (Fig. S31). These experiments showed signals
exclusively for residues in Ub's dynamic C-terminal tail within
intact cells in full agreement with published in-cell solution-
state NMR data'**>** We also note that these results obtained
in at least two different human cell lines are at odds with
a recent report from Kadavath et al.,*® possibly due to their use
of a non-human cell line. Notably, we did not observe any
solution-state NMR correlations for Ub within the intact nuclei
(Fig. S31) in line with a high degree of conjugation of the
nuclear Ub pool.**

We conducted adiabatic "H-">C cross polarization (CP) and
saturation recovery experiments (Fig. 1B/C) on HeLa cells elec-
troporated with 1.2 mM [**C,">N] Ub, which equates to 40 uM of
delivered protein.® Doping with 30 mM SNAPol-1 revealed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A): Confocal z-stack of FITC-SNAPol-1 (green) treated Hela

cells counterstained with Hoechst (blue) along with an illustrative
FITC-SNAPol-1 intensity profile taken along the arrow depicted in the
green panel. (B/C): SNAPol-1 DNP enhancement on 8 million Hela
cells electroporated with 1.2 mM [**C,'®N] Ub treated with 30 mM
SNAPol-1 embedded in “DNP Juice” (6 : 4 d8, 1*Cz-enriched glycerol :
D,O with 1 x Hank's buffered salt solution HBSS) as previously
described in ref. 25. In (C), polarization buildup (Tg) on the carbonyl
signal was best fit by a biexponential with error bars denoting the
standard deviation (s.d.) of the signal to noise ratio (S/N) and Sy.x
the s.d. residual of the fit. See ESIt for more details on error analysis.

a DNP enhancement of 52 (Table 1), characterized by a biexpo-
nential polarization buildup time (7g) of 1.40/25.5 s with the
former accounting for 57% of the buildup.** These results are in
good agreement with our recent findings for a bioresistant
variant (Stapol-1)** and suggested the presence of two PA pop-
ulations. We attribute the fast buildup rate (1.40 s) to lumen-
localized SNAPol-1 with the longer (25.5 s) likely arising from
SNAPol-1 outside or at the cell's periphery. Comparison of
absolute enhancements (X) at 800 MHz/527 GHz for proline,
revealed that the weighted average X for in-cell SNAPol-1 is an
order of magnitude greater than reported for AMUPol which
was previously used for cellular DNP-ssNMR.>>**** Notably and
in line with earlier observations for complex biological
systems,'®*>** in-cell enhancements decreased compared to in
vitro SNAPol-1 values recorded on proline.

Chem. Sci., 2023, 14, 9892-9899 | 9893
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Table1 Comparison of absolute enhancements () obtained at 800 MHz/527 GHz for in-cell SNAPol-1 samples (judged on Ub carbonyl signal —
170 to 185 ppm) versus in vitro AMUPol and SNAPol-1 results on 0.25 M proline (6:3:1 glycerol: D,O : H,O). éonjoff. €aps: and X as per
convention.3*4344 Avg. denotes weighted average X (by percent of the fit)

Sample Eon/off Eabs Tg (s) X

SNAPol-1 whole cell (30 mM) 52 45.26 1.4/25.5 340 £10/77 £7 avg. 229 £ 9
SNAPol-1 nuclei (30 mM) 60 54 1.4 406 + 19

SNAPol-1 proline (10 mM)* 133 116 4.2/3.15 505 £ 7/544 + 10

AMUPol proline (10 mM)“ 35 19 5.0 76 + 8

AMUPol proline (30 mM)* 43 23.22 8.2 72 +£11

“ Data taken from ref. 34. See ESI for further information.

Next, we investigated improvements in ssSNMR resolution at Linewidth analysis of Ca and CB correlations corresponding
800 MHz DNP conditions on cells electroporated with 1.2 mM to residues located in various secondary structural elements
[**C,'>N] Ub by recording 3D double-quantum, single-quantum, showed a reduction in linewidth from about 10% (L50) up to
single-quantum *C-"*C-"*C (DQSQSQ)** experiments (see ESI  35% for residues such as T7, K33, N60, most likely reflecting
for details) using 30 mM SNAPol-1. To examine resolution different relative contributions of homogeneous and inhomo-
improvements, we compared these data to Ub in-cell DNP- geneous line broadening.*"***> Cumulatively, the improvement
ssNMR experiments conducted at 400 MHz (30 mM AMUPol, in resolution seen in our 3D data sets enabled the assignments
Fig. 24). of an additional 16 residues (leading to 41 assigned residues at
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Fig. 2 (A) Overlay of 2D SQSQ planes extracted from C-3C-3C DQSQSQ 3D experiments recorded on 8 million Hela cells electroporated
with 1.2 mM [**C,**N] Ub and doped with 30 mM AMUPol, at 400 MHz (orange) and with 30 mM SNAPol-1 at 800 MHz (blue). 1D projections detail
linewidth improvement (full width at half maximum (FWHM)). (B) Ubiquitin sequence showing the increase in assignments between Ub in-cell
samples measured at 400 (25 residues) and 800 MHz (41 residues) (assignment required 2 or more resolved correlations).
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800 MHz) (Fig. 2B) and in a few cases allowed to discern
between residues with overlapping chemical shifts (e.g., P37
and P38). Further, comparison of in cell 800 MHz line widths
with those obtained on microcrystalline Ub (also recorded at
800 MHz) revealed that while in cell line widths are broader
(Fig. S4%), differences varied significantly between residues
(36% for T7 and 60% in the case of K33) in line with the
dynamic nature of Ub previously found in vitro (see, e.g., ref.
46-49). It is important to highlight that variation in line widths
could arise from differences in measurement temperatures,
chemical exchange (100 K whole cells vs. 278 K microcrystals),
and that the microcrystals are solely reflective of Ub's free
monomeric state. Correspondingly, this comparison serves as
a qualitative measure.

Considering the respectable performance of SNAPol-1 at 800
MHz, we proceeded to investigate whether conducting organelle
specific DNP-ssNMR was technically feasible. We settled on
investigating cell nuclei, isolated via a near quantitative deter-
gent nucleus enrichment protocol known to retain transcrip-
tional activity.>® The rapid nature of isolation afforded by this
method would also minimize stress-induced ubiquitinome
alterations.** Similar to whole cells, confocal z-stack microscopy
of FITC-SNAPol-1 treated isolated cell nuclei showed SNAPol-1
entry and homogenous distribution (Fig. 3A and S57). In addi-
tion, we examined whether Ub electroporated into whole cells
would be retained upon nuclei isolation. Therefore, we con-
ducted an analogous confocal z-stack microscopy experiment
with N-terminal 5-carboxytetramethylrhodamine-tagged Ub
(TAMRA-UB), which showed that cell nuclei isolated from
whole-cells, electroporated with TAMRA-UD (Fig. S67), retained
morphology and Ub upon fractionation (Fig. 3B). The lack of
TAMRA-Ub in certain locations of the cell nuclei mirrored
previously reported results further purporting that the isolation
procedure was minimally invasive and retained sub-cellular
morphology.>**>* In addition, we tested the suitability of iso-
lated nuclei for DNP ssNMR (i.e., MAS (8 kHz), 60% glycerol,
and cryogenic temperature, Fig. S71) by brightfield microscopy.
No adverse effects on morphology were observed in line with
earlier studies®** suggesting that transcriptional activity and
morphology of isolated nuclei are maintained if stored in high
glycerol concentrations (>60%) and at cryogenic temperatures.

DNP-ssNMR adiabatic "H-">C cross polarization (CP) and
saturation recovery experiments conducted on nuclei isolated
from HeLa cells electroporated with 1.2 mM [“*C,'°N] Ub
(Fig. 3C/D) and then doped with 30 mM SNAPol-1, exhibited
a DNP enhancement of 60, characterized by a short mono-
exponential polarization buildup time (T3) of 1.40 s, confirm-
ing that SNAPol-1 was in the vicinity of Ub. In line with this
notion, we observed an in-nuclei DNP enhancement ¥ (Table 1)
of 406 compared to 229 in whole cells, approaching values ob-
tained with SNAPol-1 in proline.

Next, we performed 3D DQSQSQ **C-"*C-**C experiments to
visualize Ub's nuclear pool at atomic resolution. A cumulative
1D projection, derived from the SQSQ dimension, showed a 2
fold increase in S/N for both carbonyl and aliphatic signals in-
nuclei (Fig. S81) which we attribute to physical sample enrich-
ment (allowing for increased nuclei packing) and more efficient

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Confocal z-stack of cell nuclei stained with Hoechst (blue)

treated FITC-SNAPol-1 (green). (B) Confocal z-stack of cell nuclei
isolated from Hela cells electroporated with 1.2 mM of TAMRA-Ub
(red) stained with Hoechst (blue). Panel (C/D) SNAPol-1 DNP
enhancement (judged on Ub carbonyl signal 170 to 185 ppm) on cell
nuclei isolated from 16 million Hela cells electroporated with 1.2 mM
[BC™N] Ub and treated with 30 mM SNAPol-1 dissolved in “DNP
Juice” (6:4 d8, '2Cs-enriched glycerol:D,O with 1 x HBSS) as
previously described in ref. 25. Polarization buildup (Tg) on the
carbonyl signal was best fit by a mono-exponential with Sy.x denoting
the residual s.d. of the fit. Error bars are not visible due to high S/N ratio.
See also Table S1.¥

SNAPol-1 entry into nuclei, possibly via the nuclear pore
complex and also through detergent-induced membrane
perturbations.*®

Analysis of individual residues (Fig. 4A) confirmed the global
increase in S/N, revealed the appearance of novel correlations
for previously assigned residues (e.g., T66 — Cy), and increased
the number of assigned residues to a total of 49 (Fig. 4B). It is
evident from Fig. 4A that residues exhibited variations in Co
intensity (in cell versus in nuclei) and varying degrees of
chemical shift (CS) perturbations (e.g., E18) which suggested

Chem. Sci., 2023, 14, 9892-9899 | 9895
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Fig. 4 Panel (A) overlay of aliphatic 2D projections and 1D slices extracted from Bc-13¢c-13C DQSQSQ 3D experiment conducted at 800 MHz
on 8 million Hela cells (blue) electroporated with 1.2 mM [C,>N]-Ub and on 1.6 x 10 isolated cell nuclei (red), both doped with 30 mM
SNAPol-1. Black crosses denote literature assignments (BMRB ID: 15410 and 7111). Panel (B) sequence showing the assigned Ub residues at 800
MHz in isolated cell nuclei (49 residues) versus whole cells (41 resides). Panel (C) comparison of experimental 2D projections for L50 and T66 Ca./
B overlayed with literature secondary chemical-shift values (with crosses denoting the average secondary structure chemical-shift) taken from

ref. 57.

the presence of multiple Ub conformers. The observed variation
in Ub's linewidth in cell versus microcrystals further substanti-
ates this hypothesis. For example, while the (Ca,Cp) cross peak
correlation for L50 was dominated by a-helical conformations,
we observed a broader distribution of (Ce., CpB) correlations for
T66 matching both B-sheet and random coil secondary struc-
ture values (Fig. 4C). The latter observation agrees with previous
in vitro solution-state NMR studies suggesting that T66 adopts
both B-sheet and random coil secondary structure.”® Taken
together these observations suggest that the increased spectral
resolution and sensitivity seen in our 800 MHz DNP-ssNMR in
cell and in nuclei data not only facilitate structural analysis, but
also enable the study of conformational heterogeneity, that so
far was mainly studied by in vitro solid-state NMR.***°

9896 | Chem. Sci, 2023, 14, 9892-9899

Conclusion

Both sensitivity and resolution are critical for increasing the
wide-spread use of in-cell DNP-ssNMR. Here we have shown
that SNAPol-1 enables high field DNP-ssNMR for cellular
applications not only with superior sensitivity but also leads to
enhanced spectral resolution in a complex cellular setting and
for a protein known to engage a multitude of intermolecular
interactions.® A combination of microscopy and in-cell ssSNMR
data showed that SNAPol-1 readily enters and homogeneously
distributes inside whole cells and isolated cell nuclei. By using
HeLa cells containing near physiological concentrations of
[**C,'>N] Ub and doped with SNAPol-1, we observed significant
improvements in resolution that approach data quality seen on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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in vitro microcrystalline biological preparations. Further, we
have expanded the scope of DNP-ssNMR to conduct experi-
ments on intact nuclei. The physical removal of the cytoplasm
facilitated improved SNAPol-1 entry and enabled data acquisi-
tion on the nuclear Ub pool with a 4-fold reduction in
measurement time. A preliminary comparison of the resulting
ssNMR correlations (Fig. 4) between in cell and in nuclei Ub
spectra suggests that a multitude of Ub conformers can exist
inside cells. Importantly, unlike in cell solution-state NMR
which probes mostly monomeric conformers,' > our pre-
sented approach probes all species,*"°* regardless of molecular
size, thus laying a foundation to comprehensively probe
conformational protein states with sub-cellular selectivity.
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from the corresponding author upon reasonable request.
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