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ABSTRACT: Aggregates of nonglobular proteins are associated
with several degenerative disorders, e.g., α-synuclein and tau
involved in Parkinson’s and Alzheimer’s diseases. Do these
proteins undergo progressive changes in their conformations and
interactions in pathologic situations? In-cell NMR provides
atomic-scale information in live cells but, until now, only at
∼283 K in the case of unfolded proteins. Here, we report new
labeling and acquisition methods enabling in-cell NMR at 310 K to
study these proteins at micromolar concentrations, i.e., native
cellular abundances. We used stable human cell lines expressing α-
synuclein or tau upon induction in a culture medium
supplemented with 13C-labeled amino acids, or precursors thereof.
Acquiring 13Cα-13CO spectra permitted an early residue-resolved
analysis of α-synuclein and tau at 310 K and <10 μM in HEK cells at 700 MHz. We detected disordered conformations and patterns
of extended cellular interactions for α-synuclein wild-type and two mutants (F4A, A30P), which suggests the appearance of a
subpopulation binding to lipid membrane at 310 K. Only the disordered N-terminus of tau was observable, even upon microtubule
dismantling by colchicine. This shows that supplementary binding partners interfere with tau in cells. Our approach offers an
excellent scalability, in signal, and resolution, up to 1.2 GHz. 13C-labeling and 13C-detected NMR spectroscopy in live human cells
are thus viable techniques for in-cell structural biology.

■ INTRODUCTION
In-cell structural biology provides information about the
conformational behaviors and binding abilities of proteins or
nucleic acids in cellular milieus. This field is emerging thanks
to the development of a range of complementary techniques,
including cryo-electron tomography, EPR, mass spectrometry,
NMR, or FRET.1−9 In-cell NMR exploits isotope filters to
observe selectively 13C-, 15N-, or 19F-labeled peptides (or
nucleic acids) either delivered or transiently expressed in cells,
which contain 1% or less of these isotopes at natural
abundance.1,10

NMR spectroscopy has notably the unique capacity to
extract atomic-scale information on local structures and
interactions of intrinsically disordered (regions of) proteins
(IDRs/IDPs),11,12 a class of natively nonfolded peptides
representing about 30% of eukaryotic proteomes and a great
variety of key functions in cells.13−15 IDPs lack stable 3D
structures, which makes them malleable objects,15,16 whose
structural behavior in cells is thus to be questioned.17,18 This is
especially true for those IDPs, whose misfolded forms are
important actors of neurodegenerative disorders, like α-
synuclein (α-syn) and tau.19−21

Atomic-scale studies on IDPs using in-cell NMR have been
reported by us and others, showing that unfolded states can be
stable in human cells.1,22−24 However, these analyses were
carried out in live cells maintained at 283 K or less: they were
based on the observation of backbone amide 1H−15N NMR
signals of 15N-labeled IDPs, signals that weaken and overlap
severely at physiological pH and temperature, owing to fast
water-amide 1H exchange (>25 Hz).11,25−28 This is unfortu-
nate, because IDPs’ conformational ensembles are temper-
ature-dependent,29−31 and molecular activities of human cells
are obviously limited at 283 K.

Other NMR approaches have been developed recently for
protein backbone analysis providing residue-specific informa-
tion on IDPs, which are unaffected by water-amide 1H
exchange in physiological conditions.32−35 Among these, 2D
13Cα-13CO correlation experiments appeared the most suited
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to in-cell NMR studies: (i) they would not be affected by the
broad cellular 1H2O signal, (ii) they would permit a clean
isotope filter, and (iii) they would offer decent signal-to-noise
ratios for IDPs. The feasibility of using 13Cα-13CO in-cell
NMR experiments was still questionable because of the typical
line-broadening encountered with in-cell samples, which
provokes peak overlaps and information losses.1

To get closer to genuine cellular conditions, we set out to
establish a consistent approach to generate and analyze in-cell
NMR samples, using stable-inducible cell lines, homemade
culture media supplemented with isotope-labeled amino acids,
and 13Cα-13CO NMR. We present below the step-by-step tests
of this in-cell NMR scheme and demonstrate its feasibility and
potential usefulness.

■ RESULTS AND DISCUSSION
Stable HEK Cell Lines with Inducible Expression of α-

Synuclein or Tau. We sought to set up an in-cell NMR
approach using protein expression in situ, avoiding the
nowadays more popular delivery of purified isotope-labeled
material.1 We wanted to avoid transient transfection, too,
which provokes broadly inhomogeneous cell populations with
regard to protein expression (Figure 1a). We aimed at
expressing proteins of interest in an inducible fashion: this
would allow temporary isotope-labeling during protein
expression, which would minimize the NMR signal from the
cellular background. We chose to use a commercial HEK cell
line, namely, Flp-In T-Rex 293, which permits to insert a gene
of interest (GOI) in a single transcriptionally active locus of
the genome under the control of a doxycycline-regulated,
hybrid CMV/TetO2 promoter (Figure 1b). This enables a
homogeneous strong expression (Figure 1a) upon supplemen-
tation with doxycycline at 10 ng/mL (Figure S1a)�which is
way below the ∼5 μg/mL of doxycycline necessary to interfere
with exogenous α-synuclein aggregation in cells.36 We selected
stable cell pools using hygromycin and obtained nonclonal
inducible cell lines for various α-syn and tau constructs. These
expressed very reproducible quantities after 48 h of exposure to
doxycycline. The intracellular concentrations reached only 9.5
μM for α-syn (Figure 1c) but about 50 μM for tau (Figure
S1c). The range of their native concentrations are 40 and 5
μM, respectively37,38 (or ∼3 and ∼1 copies per 1000 protein
molecules in the human brain according to https://pax-db.
org/).39 The molecular content of these cells was also
reproducible, hence, generating a constant cellular background
NMR signal. This enabled us to obtain background-free
spectra, by subtracting spectra recorded with noninduced cells
to those recorded with induced cells (Figure 1d).

Amino Acid-Specific Isotope Labeling of Stable-
Inducible HEK Cells. HEK cells are standardly cultured in
a classical DMEM, the recipe of which is public. Hence, we
could emulate it and control the content in amino acids,
eventually 13C- and/or 15N-labeled (Table S1). Earlier, in-cell
NMR studies have achieved protein isotope-labeling in
mammalian cells using uniform 15N-labeling, which is
conveniently obtained using commercial culture media
(∼100−200 € per sample).1,10 Amino acid-specific 13C-/15N-
labeling could be a cheaper approach, also avoiding peak
overlaps in IDPs, which we sought to test on our stable-
inducible cell lines. A number of metabolic pathways are off in
human cells (https://www.genome.jp/pathway/hsa01230),
which might give access to novel labeling schemes for NMR.

We started with cells expressing α-syn because it yields
intense NMR signals. We converged to the following

Figure 1. Principles of the sample preparation. (a) Expression of a
chimera construct EGFP-α-syn in HEK cells using transient
transfection or a stable-inducible HEK cell line (single-locus insert):
lef t: overlay of brightfield and fluorescence microscopy; right: fluo-
cytometry from transfected HEK cells (up) and noninduced
(-doxycycline, gray) or induced (+doxy., green) stable-inducible
HEK cells (down). (b) Our stable-inducible HEK cell lines contain
GOIs inserted in a single chromosomal locus repressed by TetR on
the tet operator 2 TetO2; TetR is released upon binding to doxy.,
which triggers GOI expression; cells grow in a standard medium, are
transferred into a homemade medium containing selected 13C- and/or
15N-labeled amino acids, doxy.-induced 4 h later, and incubated
during 48 h before harvesting. (c) Semiquantitative Western-blotting
of α-syn showing comparable protein levels in-cell lines expressing α-
syn-WT, F4A, or A30P; the histogram shows results from triplicates.
(d) Spectra recorded with noninduced cells serve to subtract the
cellular background signals from natural abundance 13C/15N-species
or from those produced during the incubation in the presence of
13C-/15N-amino acids.
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experimental scheme: we switch to a culture medium
containing selected 13C-/15N-amino acids 4 h before inducing
α-syn expression and then incubate 48 h before harvesting
cells. We carried out successfully 15N-labeling of Asn, Lys, Phe,
and Tyr residues without any marked scrambling in 2D
1H−15N HSQC in-cell NMR spectra at 283 K (Figure 2a). We
also succeeded in incorporating 15N-Gly in α-syn, although Gly
scrambles partially with Ser amino acids. This pushed us to
remove Ser from the culture medium, which resulted in robust
15N-Gly and partial 15N-Ser labeling. After subtraction of a
spectrum from noninduced cells, the observed crosspeaks have

the chemical shifts of purified α-syn, with intensities modulated
by the in-cell environment (see below). At the opposite,
supplementing the culture medium with 15N-Asp, -Leu, -Val, or
-Ile yielded a widespread of amide 15N signals, i.e., no selective
labeling of those amino acids (Figure S2). These results are in
agreement with the common 2D/13C/15N-Lys/Arg labeling in
SILAC-MS for quantitative proteomics,40 and with the handful
of NMR-related reports about amino acid-specific 15N- labeling
in transiently transfected mammalian cells.41−44

Consistently with the results from 15N-labeling assays, we
observed efficient incorporations of 13C-Asn, -Lys, -Phe, and

Figure 2. Amino acid-specific isotope labeling and analysis of α-syn in-cell. (a) Overlay of 2D 1H−15N HSQC spectra of purified [u-15N]-α-syn
(black) and of cells expressing α-syn in the presence of 15N-Asn (purple), 15N-Lys (blue), 15N-Phe/15N-Tyr (green), or 15N-Gly (yellow) (spectra
from noninduced cells were subtracted); spectra were recorded on intact cells or in clarified cell extracts (after sonication and a brief boiling step).
(b) Overlay of 2D 13Cα-13CO spectra of purified recombinant [u-13C]-α-syn (black) and of cells expressing α-syn in the presence of 13C-Lys
(blue), 13C-Phe/13C-Tyr (green), 13C-Gly, or 13C-precursors of Leu, Val, or Ile (pink) (spectra from noninduced cells were subtracted). (c) Black:
residue-specific peak intensity ratios in 13Cα-13CO spectra of cells expressing 13C−F/K/L/V/Y-labeled α-syn-WT/A30P/F4A versus purified α-syn
in PBS (Iin‑cell/IPBS) along the primary structure at 310 K; gray: residue-specific peak intensity ratios in 13Cα-13CO spectra of [u-13C] α-syn in the
presence of pig brain polar lipid vesicles at 4 g/L (see Figure S5) purified, isolated α-syn in PBS (I+lipid vesicles/IPBS) at 310 K.
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-Tyr with no scrambling issues, and of 13C-Gly resulting also in
partial 13C-Ser labeling. These permitted the first 13C-detected
in-cell protein NMR spectra in human cells at 310 K, using 4
h-long 13Cα-13CO experiments at 700 MHz (Figures 2b and
S3). These revealed crosspeaks corresponding to those of
purified, isolated α-syn in vitro. Interestingly, we did not have
to carry out any background subtraction for 13C-Phe/Tyr, with
the cellular signal being below the noise level.

Then, building on the observation that amide nitrogen
atoms of Leu/Val/Ile were readily exchanged and diluted in
the cellular content, we thought to use their 13C-labeled
precursors α-ketoisocaproate, α-ketoisovalorate, and 2-keto-3-
methylvalerate, respectively (Figure S2). These cheaper
alternatives were effectively converted into their amino acid
counterpart and permitted to record in-cell NMR 13Cα-13CO
spectra of α-syn at 310 K, which showed exclusively Leu, Val,
or Ile signals (Figures 2b and S3). These results are in
agreement with very recent labeling studies on transiently
transfected suspension HEK cells.45−47 2D 1H−13C HSQC
spectra revealed that these 13C-amino acids, or precursors
thereof, were not or very weakly processed into undesired
metabolites (Table S2), except for 13C-Gly incorporated in
glutathione as already reported.48

We evaluated the isotopic incorporation levels in our
conditions, i.e., induced expression in HEK cell lines previously
grown at natural abundance, using purified α-syn treated by

acid hydrolysis. Mass spectrometry analysis revealed incorpo-
ration levels of about 80% for Leu, Phe, and Val and about 90%
for Lys and Tyr (Table S4).

Altogether, we succeeded in incorporating a number of 13C-
or 15N-amino acids during the expression of a GOI in stable-
inducible HEK cells. This incorporation suffers almost no
scrambling, which allows recording of in-cell NMR spectra. It
requires only mg quantities of the individual amino acids,
which cost only ∼1−10 € per sample depending on the amino
acid (Table S1).

Investigating α-Syn at 310 K in Cells Using 13Cα13CO.
First, we noticed in 2D 1H−15N HSQC recorded at 283 K that
α-syn expressed in situ at ∼10 μM produced NMR signals
similar to those observed in published studies, where
recombinant purified α-syn had been delivered in human
cells using electroporation.22,23 The crosspeaks are those from
a monomeric, disordered α-syn. We did not detect its N-
terminal residues (residues 1−20) in live cells but crosspeaks
of the N-ter acetylated form of α-syn reappeared in heated cell
extracts (Figure 2a). Indeed, α-syn is heat stable (Figure S4),49

and thus the peak disappearance in cells revealed interactions
with heat-precipitable cellular components, among which
chaperones Hsc70 and Hsp90 play a major role according to
previous studies.22,23

However, α-syn’s interactions with chaperones and lipid
membranes are temperature dependent.23,50−52 These can now

Figure 3. In-cell NMR of tau2N4R expressed in situ. (a) Overlay of 2D 13Cα-13CO spectra of purified recombinant [u-13C]-tau (black) and of cells
expressing 13C−F/I/L/R/V/Y tau in absence (red) or in the presence of colchicine (blue) (spectra from noninduced cells were subtracted); cells
use 13C-Arg to produce some 13C-Pro. (b) Scheme of tau2N4R primary structure (441 residues) and summary of peaks that are unambiguously
detected or nondetected.
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be studied at physiological pH and temperature in a residue-
resolved fashion using 13Cα-13CO experiments. As a test case,
we recorded spectra of α-syn in the presence of large
unilamellar vesicles (LUVs) made from pig brain polar lipids:
we observed lower signal intensities revealing an interaction
with the LUVs on the first 100 amino acids only at 310 K, and
not at 283 K (Figure S5); this was thus only detectable using
13Cα-13CO experiments and not using the classical 1H−15N
HSQC. Moreover, these 13Cα-13CO experiments were
sufficiently sensitive and accurate to delineate clear differences
in the binding modes of mutant forms of α-syn-A30P and F4A,
which both have reduced affinities to lipid membranes (Figure
S5).22,53−55

We sought to investigate this aspect at 310 K in 13C−K/F/
L/V/Y-labeled cells expressing α-syn. First, the detected
signals tallied with those of purified α-syn in terms of chemical
shifts (Figures 2b, S6 and S7 shows the absence of leakage and
the evolution of cell viability). However, most of the
13Cα-13CO crosspeaks of α-syn in cells were attenuated.
After normalization according to concentrations and isotopic
incorporation levels, the profile of residue-resolved intensities
showed features already observed in previous studies at 283 K:
the 20 first residues were almost not detected, and the last 20
residues have attenuated intensities, all of which can be
imputed to interactions with chaperones.22,23 However,
residues between positions 20 and 80 also had weak intensities
in cells, which was not observed earlier at low temperature.
Such signal losses show similitudes with those observed in the
presence of LUVs at 310 K (Figures 2c and S5). To test this
hypothesis, we performed the same experiments with stable-
inducible cell lines expressing the weak lipid-binders mutants
α-syn-F4A and the pathogenic α-syn-A30P. We observed
intensity profiles similar to those of α-syn-WT, even though
slightly higher intensities were observed between residues 20
and 80. This would be consistent with the existence of a non-
negligible population of lipid-bound α-syn (Figure 2c).

Altogether, the in-cell spectra revealed the presence of a
major population of disordered α-syn at 310 K, which might
include a lipid-binding subpopulation. We are limited in our
interpretation by S/N in our conditions at this magnetic field,
which we discuss later.

Investigating Tau at 310 K in Cells Using 13Cα-13CO
Experiments. Then, we sought to apply our approach to
other IDPs, and chose an emblematic long one, tau-2N4R
(441 residues), whose role in so-called tauopathies calls for
improved knowledge.21 Because earlier assignments were
obtained on shorter constructs or at pH 6.5 or less, we
achieved a near-complete backbone assignment at pH 7 and
283 K using a 1.2 GHz spectrometer (BMRB code 52554). We
transferred the 13Cα-13CO assignment at 310 K using a
temperature gradient (Figure S8).

Then, we recorded 13Cα-13CO spectra�at 310 K and 700
MHz�of a stable-inducible cell line expressing tau-2N4R,
which we labeled with 13C−F/I/L/R/V/Y. To obtain
exploitable NMR signals, we had to supplement the culture
medium with butyrate at 2 mM, which increases the
doxycycline-induced expression by a factor 2 (Figure S1b).
We observed only a few weak crosspeaks overlapping with
those from the ∼150 N-terminal residues of purified tau
(Figure 3a). At the opposite, other peaks were reproducibly
missing, notably those from residues in the R1-R2-R3-R4
region (Figure 3b). This may reveal a population of tau that is
free from any interaction in the N-terminal region, while the

microtubule (MT) binding regions are either adopting ordered
structures and/or transient interactions with cellular compo-
nents. These regions are known to bind chaperones and MTs
and also to be involved in aggregates found in patients with
tauopathies.21,56,57 To test the hypothesis of MTs binding, we
supplemented tau-expressing HEK cells with colchicine at 20
μM during 24 h, leading to MTs disassembly and the
progressive detachment of cells from the flask (Figure S9).
In-cell spectra were highly similar to those of nontreated cells,
showing only weak signals from the N-terminal residues,
possibly until aa200. Hence, our results do not seem to reveal a
dominant binding to MTs but fit better to tau-2N4R binding
to lipid membranes, proline-binding proteins, chaperones, or
being involved in liquid− l iquid phase separation
(LLPS).56,58−61 Immuno-fluorescence microscopy did not
reveal any aggregates or any condensates (Figure S10).
Instead, tau was observed to be rather homogeneously
dispersed in the cytosol and excluded from the nucleus, with
only weak apparent colocalization with tubulin or membranes.

13Cα-13CO Acquisition at Higher Magnetic Fields. We
verified that 13Cα-13CO experiments can provide improved
signal and resolution up to 1.2 GHz, which is the highest
commercial magnetic field accessible. It was questionable
because amide 13CO have a large chemical shift anisotropy
(CSA), which provokes T2 relaxation scaling with the square
of the magnetic field.62−64 This would come with broader and
weaker signals at ultrahigh fields, counterbalancing the desired
improvements of large magnets on the resolution and signal.
Interestingly, we measured almost constant 13CO line widths
in Hz and peak intensities scaling with the probe sensitivity
from 700 to 1200 MHz (Figure S11). This is in agreement
with recent evaluations of 13C-detected experiments on IDPs at
1.2 GHz.65 It is consistent with the facts that (i) IDPs are
weakly affected by CSA effects due to their high flexibility and
(ii) 13C-detection sensitivity scales well with the magnetic field
even in watery and salty samples analyzed using a cryoprobe.66

We had immediate access to a 700 MHz spectrometer
equipped with a 13C-detection optimized probe, which offered
a much higher 13C-sensitivity than the accessible 950 and 1200
MHz spectrometers equipped with 1H-optimized probes.
Using a 13C-dedicated probe at 1.2 GHz should provide
about twice the resolution and sensitivity of our 700 MHz
spectrometer for 13Cα-13CO experiments.

■ CONCLUSIONS
Our work aimed at establishing experimental conditions for in-
cell NMR of IDPs closer to physiological conditions. The
present set of methods proved to give access to residue-specific
information on α-syn at intracellular concentrations of ∼10
μM and at 310 K. Even though intrinsically less sensitive than
1H-detection, 13C-detection permits one to approach such
native concentrations. It has great advantages for in-cell
analysis: 13C-detection is much less affected by water signal
and inhomogeneities in magnetic susceptibility than 1H-
detection.67,68

From a technical point of view, a few points can be
highlighted. Leucine, valine, and isoleucine could be
incorporated using their immediate ketoacids precursors,
which are subject to a high transaminase activity, in agreement
with recent reports.45,47 This will permit 13C-labeling at a
reduced price in mammalian cells. At the opposite, some
amino acids could be incorporated without any 15N-
scrambling, in agreement with other studies.41−44 This should
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enable residue-specific 13C/15N-combined to 2H-labeling
schemes in mammalian cells, offering high sensitivity on
folded proteins.47,69

From the biological point of view, we detected populations
of α-syn and tau adopting disordered conformations in cells at
310 K. α-Syn appears to interact with cellular species on its N-
and C-termini, in a similar fashion to that at 283 K. α-Syn also
appears to experience supplementary binding, which were not
observed at 283 K. Lipid membranes are the usual suspects in
the case of α-syn, and we have shown that higher temperatures
enable lipid-binding phenomena that did not occur at low
temperatures, which we can characterize now using 13C-
detection. The present intensity profiles suggest the existence
of non-negligible subpopulations binding transiently to lipid
surfaces. This motivates further investigations at higher α-syn
concentrations, higher magnetic fields, and in improved
cellular models, which will allow better S/N and increased
confidence in our interpretation.

Concerning tau, the treatment by colchicine revealed that
the missing signals between residues 150 and 441 of tau were
not, or were not only due to, microtubule binding. Tau
interactome is profuse,56,58−61,70,71 as are its functions and its
detected post-translational modifications.72 These are many
possible reasons for signal losses, either related to interactions
or to population heterogeneity. It would be difficult to
interpret immediately the profiles observed here. To identify
important players responsible for the observed weak signals, a
number of in vitro titrations with various tau-binders would be
necessary, as well as many silencing experiments of these
binding partners of tau. It might not be worth conducting such
a research program with the HEK cell lines used here. Future
studies on more advanced cellular models will make it more
interesting. Hence, these early analyses motivate further
investigations and will most probably require the comple-
mentary use of solution and solid-state NMR.

Future studies will examine improved cellular models: HEK
cells are convenient to manipulate, but neuronal cells would be
more relevant to studying α-syn/tau-linked neurodegeneration.
Biological interpretation of the present results must be
cautious, given the progressive loss of cell viability generated
by rudimentary experimental conditions, which can be
improved. The use of a flow-probe bioreactor will be
instrumental to achieve a longitudinal monitoring in steady,
wealthy conditions.10 This requires the trapping of cells in gels,
which decreases the number of detected molecules in the
NMR probe, hence their NMR signal. Using our 13Cα-13CO
approach, an intracellular concentration of 10 μM is a lower
limit to obtain exploitable signals in a few hours at 700 MHz.
Higher fields will help solving this sensitivity issue: the
13Cα-13CO experiment yields S/N scaling with the field, in
contrast to 1H-detected experiments.66 Higher cellular
concentrations of α-syn, i.e., ∼20−30 μM, would yield much
better spectra, while remaining in the range of native
concentrations for α-syn. This can be reached by multiple
insertions of the GOI.73−76 This strategy, followed by clonal
selection, allows homogeneous clonal cell lines with selected
levels of inducible expression to be obtained, as recently
demonstrated by Trantirek and co-workers.76 Their approach
will be most often better suited to in-cell NMR studies than
the single-locus insertion used here, even though it can
generate some genetic disorders that require additional
controls.

Even though recent methods have been developed to predict
isolated IDPs conformational ensembles,16,77 experimental
information on the effects of cellular conditions is still needed
to understand how IDPs behave, function, and eventually
misfold. We presented here a set of methods that will enable
such experimental studies, providing residue-specific in-cell
characterizations of IDPs at physiological concentrations and
temperatures. Extensive interactions with cellular entities may
hinder this approach, as revealed by the high concentrations of
tau required for its detection. Further research is needed to
determine the frequency of such a phenomenon.

■ MATERIAL AND METHODS
Generation of Inducible Stable Cell Lines. α-Syn and tau

cDNAs were codon-optimized for expression in human cells and
synthesized by Genscript, before being cloned into a pcDNA5/FRT/
TO/EGFP vector (kind gift from A.M. Tassin) at the BamHI/NotI
restriction sites. The coding sequence for EGFP was removed from
the parental plasmid by mutation (Genscript), and the later plasmid
containing the genes coding for α-Syn-F4A, α-Syn-A30P and α-Syn-
aa1−103 was also obtained by single point mutation (Genscript). The
pOG44 Flp-Recombinase Expression Vector was purchased from
Invitrogen (ref V600520).

Parental Flp-In T-Rex HEK 293 cells were a kind gift from A.M.
Tassin (Institute for Integrative Biology of the Cell, Gif-sur-Yvette,
France). These were cultivated in Dulbecco’s modified Eagle’s
medium (StableCell DMEM-high glucose-Glutamax, Sigma, ref
D0819) supplemented with 10% (v/v) fetal bovine serum (FBS,
Gibco, ref 10270-106) (abbrev. below: DMEM-FBS), 100 U/mL
penicillin, and 10 μg/mL streptomycin (Sigma, ref P4333), 10 μg/mL
blasticidin (Invivogen, Cat# ant-bl-1) and 100 μg/mL zeocin (Zeocin
Selection Reagent, Gibco, ref R25001).

For generating the stable cell lines, the parental Flp-In T-Rex HEK
293 cells were seeded in a 6-well plate (3.5 cm diameter) at a density
of 300,000 cells per well and 24 h prior transfection. Cells were then
washed with phosphate-buffered saline (PBS, Sigma, D8537) and
incubated 8 h with a 1:1:2 ratio (w/w) of pcDNA5-(α-Syn/
tau):pOG44:PEI in 2 mL of DMEM (using 4 μg of plasmid). The
transfection reagent was PEI MAX (Transfection grade linear
polyethyleiminine, MW 40,000, Polysciences ref 24765-1). Cells
were later washed and maintained in DMEM-FBS during 24 h. Cells
that integrated the α-syn or tau cDNA were selected in DMEM-FBS
supplemented with 200 μg/mL hygromycin, 100 U/mL penicillin,
and 10 μg/mL, streptomycin (Sigma, ref P4333), 10 μg/mL
blasticidin (Invivogen, Cat# ant-bl-1) and 100 μg/mL zeocin (Zeocin
Selection Reagent, Gibco, ref R25001). The medium was refreshed
every day in the first 2 days, and every 5 days once, the
nontransformed cells detached under hygromycin pressure. Colonies
were detected after 3 to 4 weeks. These were trypsinized and
progressively transferred into larger culture plates to reach about 150
million cells (i.e., passage ∼ 20). These were finally trypsinized,
washed, and resuspended in FBS supplemented with 10% (v/v)
DMSO (Sigma-Aldrich, ref D8418). Aliquots of 5−10 million cells
were slowly frozen at −70 °C using a freezing container (Corning
CoolCell LX) and stored in liquid nitrogen. They were later thawed
and cultured in DMEM-FBS supplemented with 100 μg/mL
hygromycin, 100 U/mL penicillin,10 μg/mL streptomycin (Sigma,
ref P4333), 5 μg/mL blasticidin (Invivogen, Cat# ant-bl-1) and 50
μg/mL zeocin (Zeocin Selection Reagent, Gibco, ref R25001).

All cells were grown at 37 °C in a humidified atmosphere at 5%
CO2. Cell lines were tested for mycoplasma contaminations and were
found mycoplasma-free.

In-Cell NMR Sample. To generate in-cell NMR samples, cells
from an established Flp-In T-Rex HEK 293 cell line were grown at
70% confluence in a 300 cm2 tissue culture flask. Four hours before
induction, cells were washed with PBS and the medium was replaced
with homemade DMEM (according to the composition of DMEM-
high glucose-Glutamax, Sigma, ref D0819), supplemented with
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dialyzed FBS (Gibco, ref A3382001), Glutamax (Gibco, ref 35050-
038), and with the desired labeled amino acids (see Table S1). When
using Leu, Val, and Ile precursors, i.e., [1,2-13C2]-α-ketoisocaproate,
[u-13C]-α-ketoisovalerate, and [u-13C]-2-keto-3-methyl pentanoate,
respectively, we supplemented them to the medium at the
concentrations indicated for their final amino acid counterparts in a
DMEM (Table S1). For Gly labeling, we removed Ser from the recipe
and supplemented the medium with 4x the normal concentration of
Gly (i.e., 120 mg/L).

Cells were induced with doxycycline at 10 ng/mL, which we
determined to be sufficient for maximal expression rates (Figure S1)
(Sigma D9891). After 44−48 h of protein expression in these
conditions, cells were detached using trypsin-EDTA (Sigma, ref
T4174), washed once with DMEM-FBS and then twice in PBS,
resuspended in 450 μL of fresh DMEM-FBS supplemented with D2O
at 10% v/v, and pelleted into a 5 mm (diameter) advanced Shigemi
NMR.

Purification of Induced α-Syn from In-Cell NMR Samples
and Acid Hydrolysis. Recombinant α-syn was purified from in-cell
NMR samples produced with [1,2-13C2]-α-ketoisocaproate, [u-13C]-
α-ketoisovalerate, and [u-13C15N]-Lys/Phe/Tyr according to the
protocol described in the previous paragraph. Two 150 cm2 plates
were necessary to achieve proper purification from the established
Flp-In T-Rex HEK 293 cell line. The purification was achieved using a
classical approach, as described in previous publications.22 In brief, we
carried out an initial boiling step of the cell extract, a nucleic acid
precipitation by streptomycin at 10 g/L, α-synuclein precipitation by
NH4−SO4 at 36% w/v, and an anion-exchange chromatography
followed by a final size-exclusion chromatography in ammonium
acetate at 50 mM, pH = 7. The samples were finally freeze-dried
overnight. This yielded about 1 nmol of pure α-synuclein.

Then, the hydrolysis of the α-synuclein samples was performed
according to the vapor phase HCl hydrolysis method: 10 μL of the
protein resuspended in water were transferred into clean borosilicate
tubes (in duplicates or triplicates). Tubes were placed in a 40 mL
screw cap bottle (equipped with a slide valve) and then vacuum-dried
using a Waters Pico-Tag workstation. 200 μL of 6 N HCl Sequanal
grade (constant boiling) (Thermo Fisher Pierce) was then added into
the screw cap bottle. This bottle was flushed 3 times by argon and on
the last vacuum step was closed by the slide valve. The bottle was
placed in an oven heated at 110 °C for 18 h. After the hydrolysis step,
HCl vapor was evacuated from the bottle vacuum-dried using the
Waters Pico-Tag workstation. Hydrolyzed peptides in borosilicate
tubes were resuspended in an LC-MS solvent before analyses.

Analysis of Amino Acid Residues by Liquid Chromatog-
raphy Coupled to High Resolution Mass Spectrometry (LC-
MS). LC-MS experiments were performed by using a Dionex Ultimate
chromatographic system (Thermo Fisher Scientific) coupled to a
QExactive (Orbitrap) mass spectrometer (Thermo Fisher Scientific)
fitted with an electrospray ion source. The mass spectrometer was
externally calibrated before each analysis using the manufacturer’s
predefined methods and provided a recommended calibration
mixture.

Chromatographic separation was performed on an Acquity UPLC
HSS PFP 1.8 μm, 2.1 × 100 mm (Waters) at 30 °C. The
chromatographic system was equipped with an online prefilter
(Thermo Fisher Scientifics). Mobile phases were 100% water (A)
and 100% acetonitrile (B), both of which contained 0.1% formic acid.
Chromatographic elution was achieved at a flow rate of 250 mL/min.
After sample injection (20 mL), elution started with an isocratic step
of 2 min at 0% phase B, followed by a linear gradient from 0 to 100%
phase B in 18 min. These proportions were kept constant for 4 min
before returning to 0% of phase B and letting the system equilibrate
for 6 min. The column effluent was directly introduced into the
electrospray source of the mass spectrometer, and analyses were
performed in positive ion mode.

Source parameters were as follows: capillary voltage set at 3 kV;
capillary temperature at 300 °C; sheath and auxiliary gas (nitrogen)
flow rates at 50 and 25 arbitrary units, respectively; and mass
resolution power of the analyzer set at 140,000 at m/z 200 (full width

at half-maximum, fwhm) for singly charged ions. The acquisition was
achieved from m/z 50 to 250 in the positive ionization mode during
all of the acquisition. Under these conditions, we achieved a good
chromatographic separation and detection (with an average mass
accuracy better than 3 ppm) of the targeted amino acids under their
[M + H]+ form. These species were readily identified and quantified
by the isotope dilution method using 13C, 15N-labeled homologues.
Corresponding extracted ion chromatograms were generated and
resulting peaks were integrated using the Trace Finder software
(version 4.1, Thermo Fisher Scientific) according to the RT and [M +
H]+ values listed in the Table S5.

Verification of the Absence of Protein Leakage during In-
Cell NMR Spectra Acquisition. Protein leakage was controlled after
in-cell NMR acquisition by recording 13Cα-13CO spectra of the
sample supernatant, which was obtained as follows: cells were
resuspended in the 450 μL of medium in excess in the NMR tube,
transferred in a 1.5 mL tube, and pelleted by centrifugation at 100 g
during 3 min; the resulting supernatant was analyzed using the same
tube and NMR parameters than in-cell samples.

Production of Cell Extracts for NMR Analysis. Lysis of HEK
cells after in-cell NMR was performed by sonication on ice using a
Q700 sonicator (Qsonica). A wet pellet of cells (∼300 μL) was
sonicated on ice during 3 min using 5 s ON/25 s OFF cycles of
sonication (40% amplitude) in 400 μL of PBS (Sigma ref D1408),
supplemented with protease inhibitors (cOmplete EDTA-free, Sigma
ref 05056489001) and DTT at 2 mM. The cell extracts were cleared
using centrifugation at 15,000 g for 10 min at 4 °C. Folded proteins
were precipitated by thermal denaturation at 95 °C for 3 min. The
final cell extracts were obtained using centrifugation at 15,000 g for 10
min at 4 °C. NMR spectra were acquired in the supernatant.

Western Blot and Quantification of Intracellular Concen-
trations. The protein expression quantification was performed on
HEK cells after 48h in labeled DMEM with and without induction of
protein expression. The cells were diluted to 25 million cells/mL and
lysed in a RIPA lysis buffer (20 mM Tris, 150 mM NaCl, 1% (v/v)
Nonidet P40 (USB), 1% (v/v) sodium deoxycholate (Sigma-Aldrich
ref D6750), 0,1% (v/v) SDS), supplemented with protease inhibitor
(cOmplete, EDTA-free, Sigma ref 05056489001) for 20 min on ice,
followed by sonication on ice (5s, 40% amplitude using Q700
sonicator Qsonica). Aliquots containing about 150,000 lysed cells
were loaded per well for SDS-PAGE analysis (15% acrylamide). To
quantify the concentration of α-Syn in these cells, a dilution series of
11−44 ng of purified α-syn (expressed recombinantly in bacteria, see
above) was also loaded on the gels. Assuming a cellular volume of 1
pL (average diameter 13 ± 2 μm, Biorad TC20 Automated Cell
Counter), the corresponding intracellular concentrations of the latter
series were 5, 10, 15, and 20 μM.

After SDS-PAGE migration, proteins were transferred onto
nitrocellulose membranes (GE Healthcare Life Science), using
Trans-Blot turbo (Biorad). After blocking for 1h in 5% (w/v) skim
milk (Sigma, ref 70166) in TBST (0.1% (v/v) Tween-20, 20 mM
Tris, 150 mM NaCl, pH 7.5), membranes were probed with the anti-
α-syn antibody ab-138501 (Abcam, 1:10,000 dilution), antitau HT-7
and T46 (Invitrogen, ref MN1000 & 13-6400,1:1500 and 1:1000
dilutions, respectively), and anti-β-actine antibody A1978 (Sigma,
1:10,000 dilution) for 30 min to 1h at room temperature. Secondary
antibodies were HRP-conjugated antirabbit or antimouse (Thermo
Scientific, ref 31460 and 31430, dilution 1:10,000) and were
incubated during 45 min with the membranes. Membranes were
developed using clarity Western ECL Substrate (Bio-Rad).
Luminescence signals were detected on a Bio-Rad ChemiDoc imaging
system and quantified with Image Lab 5.1 (Bio-Rad).

NMR Acquisition and Processing of 2D Reference and In-
Cell Spectra. In-cell NMR spectra were recorded using 700 MHz
Bruker Avance Neo spectrometers, equipped with cryogenically
cooled triple resonance probes, namely, 1H{13C/15N} TCI and 13C
{1H/15N} TXO probes for spectra at 10 °C (1H-detection) and 37 °C
(13C-detection), respectively. We used 5 mm Shigemi (for 1H-
detection) or 5 mm Shigemi advanced (for 13C-detection) NMR
tubes without a plunger. All spectra were acquired and processed with
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Topspin 4. The TCI probe is from 2006 and its sensitivity was
determined to be S/N = 7260 for 1H 0.1% ethylbenzene when
delivered. The 700 MHz-TXO probe is from 2020 and its sensitivity
was determined to be S/N = 3400 for 13C ASTM when delivered.

“Cell-extract” and “in-cell” spectra were recorded with exactly the
same parameters for the “induced” and “non-induced” samples. This
permitted the later subtraction of the raw FIDs to remove the signal
from the cellular background, which is due to integration of the
isotope-labeled amino acids in the proteome. The background broad
signal from isotope-labeled peptides proved to be independent of the
expression of the protein of interest and thus can be removed using
FID subtraction. However, the strong, sharper signals from abundant
metabolites (e.g., amino acids) are often not canceled perfectly. Also,
because the number of cells in the tube was not always exactly the
same, we had to apply a multiplication factor to the “non-induced”
spectra to remove the cellular background signal. This factor varied
between 0.8 and 1.2, which we fixed based on the best possible
canceling of the baseline in the final spectrum. The subtraction of the
“non-induced spectrum” was not necessary for 13C-Phe/13C-Tyr, the
cellular background signal being negligible. The addition and
subtraction of raw FIDs were performed by using Topspin 4. The
peak intensity analysis was carried out using ccpNMR 3.1.1.78

All 13Cα13CO correlation spectra were acquired using the (1H-
flip*)-13Cα13CO-LB pulse sequence34 at 37 °C. The interscan delay
was 0.2 s, which yields the best signal-to-noise ratio per unit of time
for disordered proteins, according to our previous quantifications.34

The 950 MHz-TCI probe had a S/N of 1710 for 13C ASTM (40%
dioxane in C6D6, ASTM) when delivered. The 1200 MHz-TCI-3 mm
probe had a S/N = 805 for 13C ASTM when delivered.

Preparation of Lipid Vesicles. Pig brain polar lipid extracts were
purchased from Avanti. Lipid stock solutions were mixed in
appropriate molar ratios in chloroform and lyophilized overnight.
The dried lipids were solubilized in PBS (20 mM phosphate and 150
mM NaCl), pH 7.2. SUVs and LUVs were prepared by sonication (2
× 20 min, 30% amplitude, Vibracell 75042 BIOBLOCK SC) on ice.
LUVs were obtained in the case of the pig brain polar lipid extract
solubilized in PBS, while SUVs were obtained in many other buffers.
We obtained SUVs from pig brain polar lipid extract solubilized and
sonicated in hepes 20 mM and NaCl 50 mM, pH 7.2. Then, vesicles
were centrifugated at 14,000 g to remove any metal residue from the
sonicator probe. The vesicle size was determined by dynamic light
scattering (DLS) (Nano series, Malvern).
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