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Recent developments in in-cell NMR techniques have allowed us to study proteins in detail inside living
eukaryotic cells. The lifetime of in-cell NMR samples is however much shorter than that in culture media,
presumably because of various stresses as well as the nutrient depletion in the anaerobic environment
within the NMR tube. It is well known that Ca®*-bursts occur in HeLa cells under various stresses, hence

Keywords: the cytosolic Ca%* concentration can be regarded as a good indicator of the healthiness of cells in NMR
g“fe" I‘H\AR tubes. In this study, aiming at monitoring the states of proteins resulting from the change of cytosolic
eLa cells

Ca®* concentration during experiments, human calbindin Dg, (P47M + C80) was used as the model pro-
tein and cultured HelLa cells as host cells.

Time-resolved measurements of 2D 'H-'>N SOFAST-HMQC experiments of calbindin Dg; (P47M + C80)
in HeLa cells showed time-dependent changes in the cross-peak patterns in the spectra. Comparison with
in vitro assignments revealed that calbindin D, (P47M + C80) is initially in the Mg?*-bound state, and
then gradually converted to the Ca®*-bound state. This conversion process initiates after NMR sample
preparation. These results showed, for the first time, that cells inside the NMR tube were stressed, pre-
sumably because of cell precipitation, the lack of oxygen and nutrients, etc., thereby releasing Ca?* into
cytosol during the measurements. The results demonstrated that in-cell NMR can monitor the state tran-
sitions of stimulated cells through the observation of proteins involved in the intracellular signalling sys-
tems. Our method provides a very useful tool for in situ monitoring of the “healthiness” of the cells in
various in-cell NMR studies.

Cytosolic Ca?* concentration
Calbindin Dgy

© 2013 Elsevier Inc. All rights reserved.

1. Introduction [10,11], Pichia pastoris [12], insect cells [13], and mammalian cells

[14-16].

Since NMR was first applied to observe heteronuclear multidi-
mensional NMR spectra of proteins inside Escherichia coli cells
[1], this approach (in-cell NMR) has continued to be used as the
only tool for investing protein behaviours in detail under molecu-
lar crowding [2] in the cytosol. In bacterial cells, in-cell NMR has
contributed towards investigating conformational changes,
dynamics, binding events and 3D structures [3-9]. In eukaryotic
cells, studies have been reported using Xenopus laevis oocytes/eggs

Abbreviations: HMQC, heteronuclear multiple quantum coherence; HSQC,
heteronuclear single quantum coherence.
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For in-cell NMR experiments it is definitely crucial to ensure
that cells are alive during the measurements. The lifetime of in-cell
NMR samples is however much shorter than that in culture media,
presumably because cells are packed into a tiny space in an NMR
tube, and various stresses as well as the lack of oxygen and nutri-
ents can easily occur. In our previous studies, the maximum dura-
tion of in-cell NMR experiments was set such that cell viability is
not less than ~85-90%, e.g., ~6 h for E. coli samples [5] and ~3 h
for HeLa samples [14]. Although the short lifetime of samples is
inevitable as long as we use standard NMR equipment and NMR
tubes, it is nevertheless necessary to understand the conditions
cells experience inside an NMR tube, in order to bring the experi-
ments closer to “physiological” conditions. However, to the best
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of our knowledge, detailed investigations on this issue have not yet
been reported.

The calcium ions (Ca?*) are one of the most common signal
transducers in eukaryotic cells [17-19]. Ca®* may play a dual role
as a messenger and a stressor in the process of cell damage, death
and survival [20]. Influx of Ca®* upon stimulation either from intra-
cellular stress or through different types of Ca?* channels leads to
an increase in cytosolic Ca?* concentration, which eventually trig-
gers apoptosis [21,22]. For example, it is reported that prolonged
stress forces endoplasmic reticulum (ER) to release calcium and in-
duce cell death and ageing related diseases [23]. For this reason the
cytosolic concentration of Ca* can be regarded as a good indicator
of the healthiness of cells in NMR tubes.

Normal cytosolic Ca%* levels exist at low concentrations of
around ~100 nM, since it precipitates phosphate and controls a
wide variety of cellular process such as cell-cycle progression, dif-
ferentiation, muscle contraction, enzymatic activities and extracel-
lularly, Ca?* wave and cell morphology [24]. To maintain a low
concentration, Ca®" is actively pumped from the cytosol to the
extracellular space and into the ER, and sometimes into the mito-
chondria [25]. Excess cytosolic Ca%* can result in the enzymatic
breakdown of proteins and cell death by stress.

Many cellular proteins bind Ca®* tightly. In some cases they
simply buffer free Ca%*, thus lowering the cytosolic concentration.
Others trigger second-messenger pathways [26]. It is believed that
the calcium binds cooperatively to those proteins [27]. Calcium
binding proteins can also bind Mg?* with much less affinity. In con-
trast to Ca®*, Mg?* is a quite abundant divalent metal ion within
cells (0.5-2.0 mM).

In this report, we demonstrated in-cell NMR in HeLa cells with
the aim of monitoring cytosolic Ca?* concentration during the
experiments. We selected human calbindin Dgy, a small (79 resi-
dues) single domain EF-hand calcium binding protein, as the probe
molecule to be investigated. Calbindin Dgy plays a role as a buffer
protein which maintains the cytosolic Ca?* concentration without
other direct and significant activities [28], thus making it a suitable
candidate for this study. In resting cells, where the free Ca* con-
centration is 1000-fold less than free Mg?", calbindin Dy is in the
Mg?*-bound state. With an increase of cytosolic Ca?* concentra-
tion, Mg?* ions in calbindin Dgy are expected to be replaced by Ca*.

2. Materials and methods
2.1. Sample preparation

The DNA fragment encoding the human calbindin Do, gene con-
taining the proline-47 to methionine mutation and the C-terminal
additional cysteine residue for the CPP™T conjugation [henceforth
referred as calbindin Dg, (P47M + C80)] was synthesised. The
P47M mutation was introduced so as to restrict cis-trans isomeri-
sation [29]. The DNA fragment was inserted into a pET3a vector for
overexpression in the E. coli BL21 Star (DE3) pLysS strain.
Uniformly '3C/'>N-labelled samples were prepared by growing
the bacteria in M9 medium containing >’NH,Cl and ['3>Cg]-p-glu-
cose. For the preparation of uniformly '°N-labelled samples,
['3Cg]-p-glucose was replaced by unlabelled p-glucose. The ly-
sine-selectively '°N-labelled samples were prepared by using M9
medium containing 100 mg/L '°N-lysine. Cells were grown at
37 °C, and protein expression was induced by the addition of iso-
propyl thio-B-p-thiogalactoside. After ~14 h of further growth,
the cells were harvested. After re-suspending in the lysis buffer
[20 mM imidazole (pH 7.0), 20 mM NaCl and 1 mM EDTA], the
harvested cells were lysed by sonication. The cleared lysate was
prepared by ultra-centrifugation, and then mixed with an equal
amount of the pre-heated (95 °C) lysis buffer, and kept at 95 °C

for 3 min. Precipitated proteins were removed by another ultra-
centrifugation. The supernatant was then loaded onto a DEAE-Se-
pharose column pre-equilibrated with the lysis buffer. The column
was washed with 5 column volumes of the same buffer, followed
by elution with a linear gradient of 20-300 mM NaCl. The fractions
containing calbindin Doy (P47M + C80) were loaded onto a Super-
dex-75 16/60 column pre-equilibrated with the preparation buffer
[20 mM Tris-HCI (pH 7.4), 20 mM NaCl, and 1 mM EDTA]. Further
purification was carried out by Resource-Q column chromatogra-
phy with a linear gradient of 0-200 mM NacCl.

2.2. Preparation of samples for backbone resonance assignments
in vitro

The purified calbindin Dy (P47M + C80), which was in the me-
tal-free state, was concentrated (~2 mM) and dissolved in the NMR
buffer [20 mM Tris-HCI (pH7.4), 150 mM NacCl, and 5 mM DTT]. For
the preparation of samples in the Mg?*- and Ca%*-bound states,
MgCl, and CaCl, solutions were added to the final concentration
of 5 mM, respectively.

2.3. Preparation of in-cell NMR samples

The Ca?*-bound calbindin Dg, (P47M + C80) was dissolved into
PBS buffer prior to the incorporation into HeLa cells. For incorpora-
tion, we employed the procedure reported by Inomata et al. [14], in
which the cell-penetrating peptide from HIV-1 TAT protein
(CPP™T) was used. The concentration of calbindin Dgy
(P47M + C80) in in-cell NMR samples was estimated by comparing
the density of the Coomassie-stained bands in SDS-PAGE gels
with those of purified calbindin Dgy (P47M + C80) with known
concentration.

2.4. NMR measurement

NMR experiments were performed at 37 °C on a Bruker Avance
Il 600 MHz spectrometer equipped with a cryogenic TCI probe-
head. For in-cell NMR samples, sequential 2D 'H-'>N SOFAST-
HMQC [30] spectra were measured. A non-linear sampling scheme
[31-33] was used for the indirectly observed '>N-dimension to re-
duce experimental times to ~40 min. For each experiment, a total
of 512 (t,, '"HN) x 16 (¢, !°N) complex points with 256 transients
were acquired.

Backbone resonance assignments of metal-free, Ca®*- and Mg?*-
bound calbindin Dgy (P47M + C80) in vitro were performed by ana-
lysing 3D CBCANH, CBCA(CO)NH, HN(CA)CO and HNCO spectra. A
non-linear sampling scheme was used for the indirectly observed
dimensions in order to reduce experimental times. Briefly, approx-
imately 1/4 of the points were selected in a pseudo-random fash-
ion from the conventional regularly spaced grid of ti, t, points.

2.5. NMR data processing and analysis

For 2D NMR data, a 1D maximum entropy reconstruction was
applied for the indirectly acquired '>’N-dimension after processing
the directly acquired dimension by Fourier transformation using
Azara v2.8 (W. Boucher, www.bio.cam.ac.uk/azara). For 3D NMR
data, a 2D quantitative maximum entropy [13] reconstruction
was applied for the indirectly acquired dimensions (t; and t,) after
processing the directly acquired dimension (t3) by Fourier
transformation.

All NMR spectra were analysed using the CcpNmr Analysis 2.2.2
software [34].
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3. Results

3.1. 'H-°N SOFAST-HMQC spectra of human calbindin Dgy
(P47M + C80) in Hela cells

15N-labelled calbindin Doy (P47M + C80) in the Ca®*-bound state
was efficiently incorporated into HeLa cells (Fig. 1A). The concen-
tration of calbindin Do, (P47M + C80) in an in-cell NMR sample
was estimated to be ~100 pM. Fig. 1B-F show a series of 2D
'H-1>N SOFAST-HMQC spectra of uniformly '’N-labelled calbindin
Dok (P47M + C80) in Hela cells. Next we confirmed that the pro-
teins observed in the spectra were indeed inside the living cells.
Most 'H-15N correlation cross-peaks disappeared upon removal
of the HelLa cells by gentle centrifugation after the measurements
(Supplementary Fig. S1a), whereas the lysate of the harvested cells
yielded a similar spectrum to the in-cell NMR spectrum (Supple-
mentary Fig. S1b). These results demonstrated that the contribu-
tion of extracellular proteins to the observed signals is negligible.
The viability of the HelLa cells after approximately 3.5 h of NMR
measurements was confirmed to be 90+3% by trypan-blue
staining.

When comparing the sequential spectra (each took 38 min),
time-dependent changes in the cross-peak pattern were appar-
ently detected. We repeated the experiments employing the iden-
tical parameters, and found that these changes were reproducible
(data not shown).

The 'H-'>N correlation cross-peaks in each in-cell NMR
spectrum were analysed in reference to the in vitro assignments.
However, considering the overlap of cross-peaks in the in-cell
NMR spectra, which is mainly caused by the line broadening due
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to increased viscosity in the cytosol and specific/nonspecific
interactions with various intracellular factors, we anticipated diffi-
culties in the assignment transfer process from the in vitro to the
in-cell NMR data: solid assignments for isolated peaks, but highly
ambiguous assignments for overlapped or significantly broadened
peaks. Lysine-selectively '>N-labelled calbindin Dgy (P47M + C80)
was therefore prepared, aiming at simplifying the spectra, thus en-
abling the provision of more accurate assignments. Fig. 1G-K show
a series of 2D 'H-!°N SOFAST-HMQC spectra of lysine-selectively
15N-labelled calbindin Dgj (P47M + C80) in HeLa cells.

3.2. Backbone resonance assignments of human calbindin Dy
(P47M + C80) in vitro

For the assignment transfer process, we needed to perform
backbone resonance assignments for human calbindin Dgy
(P47M + C80) in vitro, since no assignments have been done for this
protein, even though detailed NMR studies have been reported for
bovine [35,36] and porcine calbindin Dgy [37]. Backbone resonance
assignments for the metal free, Mg?*- and Ca?*-bound states were
summarised in Supplementary Figs. S2, S3 and S4, respectively.
Chemical shift differences between these three states were
mapped onto the homology-modelled 3D structure (PDB:1CLB)
(Supplementary Fig. S5).

3.3. Time-dependent conversion from the Mg®*- to the Ca®-bound
states inside HeLa cells

Fig. 2A and C show the comparison of the 2D 'H-'>N SOFAST-
HMQC spectra of calbindin Dg, (P47M + C80) in HeLa cells in the

A ' NMR sample
AT Incorporation preparation
CPP to Hela cells 'H-15N SOFAST-HMQC experiments
[ ) o ® [ ]
> Se, o‘.o.° o~!'o~}‘o~}'
‘\: {: e oo oo sToee ¢
40 min ® ® .. ° ® o ®
incubation L L hd e hd
on plate
Mop o i P ' 1hn “0 1T e . o' E [} c.'
B v o ]I C D v o1t E v oI F R
15} " "".’ ""0"0'_ 1t . ‘o’f AR . ‘f" ’,.‘,“.
15\ “ ’5' ". . ’\‘*k‘o'. . . Q.‘ h.,.‘.‘ ’ LY 3 b'.t '~
(ppm) 120 | '@ . ] 4 X &atc 1t “.\o .
N CAN 3h - I . X . Lt 1 XY
125} ' 4 ] & ] e te
[ $ o [ S ' .
) ! 'Y . . [ 1] g ! ;\
1305 8 7 0 9 8 7 10 9 8 7 0 9 8 7 10 9 8 7
"H (ppm) "H (ppm) "H (ppm) 'H (ppm) "H (ppm)
18} PRIAN by 1 '
G H ‘1 “1J ‘ITK *
120 | ¢ - e S 1t ’ 1t ’ ©
e o ® ° o o 0 o o ©
- 122 + e ° o F b [} «. P . o [ '0 e
(ppm) 124 | 0 . F @ ry o 1t e,
126t 9 . ] 6 - -3
128 ) 1r ° ‘ 1
K L
18085 80 75 70 85 80 75 70 85 80 75 70 85 80 75 70 85 80 75 70
"H (ppm) 'H (ppm) "H (ppm) 'H (ppm) "H (ppm)

Fig. 1. (A) Schematic illustration of the in-cell NMR experiments of calbindin Dg, (P47M + C80) in Hela cells. Time course of the 2D 'H-'>N SOFAST-HMQC spectra of
uniformly '°N-labelled (B-F) and lysine-selectively '°N-labelled (G-K) calbindin Dg) (P47M + C80) in HeLa cells. The spectra were obtained during the period of 0-38 min (B
and G), 39-76 min (C and H), 77-114 min (D and I), 115-152 min (E and ]), and 153 to 190 min (F and K) from the start of the in-cell NMR experiments.
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Fig. 2. Overlay of the 2D 'H-'°N SOFAST-HMQC spectra of calbindin Dg (P47M + C80) in HeLa cells (black) and the 2D 'H-'>N HSQC spectra of calbindin Dg, (P47M + C80)
in vitro (red). In the panels (A) and (B), the spectra of uniformly '*N-labelled calbindin Dg, (P47M + C80) in HeLa cells which were obtained during the periods of 0-38 min (A)
and 153 to 190 min (B) from the start of the in-cell NMR experiments were compared with uniformly '>N-labelled calbindin Dy (P47M + C80) in the Mg?*- (A) and Ca®*- (B)
bound states in vitro. Likewise, in panels (C) and (D), the spectra of lysine-selectively '°N-labelled calbindin Dy (P47M + C80) in HeLa cells which were obtained during the
periods of 0-38 min (C) and 153-190 min (D) from the start of the in-cell NMR experiments were compared with lysine-selectively '>N-labelled calbindin Dy (P47M + C80)
in the Mg?*- (C) and Ca®*- (D) bound states in vitro. For each panel, cross-peaks in the in-cell NMR spectra are labelled with their corresponding backbone assignments. 1D
cross sections of 2D 'H-'N SOFAST-HMQC spectra of lysine-selectively >N-labelled calbindin De, (P47M + C80) taken at the positions corresponding to the K75 residue in
the Mg?*- (E) and Ca?*-bound state (F), indicating the time-dependent change in cross-peak intensity. Inverted triangles indicate the positions of the amide proton resonances
due to the K75 residue.
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Fig. 3. (A) Schematic illustration of the in-cell NMR experiments of calbindin Dy, (P47M + C80) in HeLa cells with additional 140 min incubation on culture plates. (B-E) Time
course of the 2D 'H-'>N SOFAST-HMQC spectra of uniformly *°N-labelled calbindin Dg, (P47M + C80) in HeLa cells obtained by employing the modified protocol shown in
panel (A). The spectra were acquired during the period of 0-38 min (B), 39-76 min (C), 77-114 min (D), and 115-152 min (E) from the start of the in-cell NMR experiments.
(F) Schematic illustration of the in-cell NMR experiments of calbindin Doy (P47M + C80) in HeLa cells with additional 120 min incubation in NMR tube inside magnet. (G) The
2D 'H-'>N SOFAST-HMQC spectrum of uniformly '°N-labelled calbindin Dy (P47M + C80) in HeLa cells obtained by employing the modified protocol shown in panel (F).

early stage (0-38 min from the start of the experiments) with the
2D 'H-'>N HSQC spectra of the Mg?*-bound calbindin Dgy
(P47M + C80) in vitro. Although the number of observed 'H-'°N
correlation cross-peaks were less than expected, the cross-peak
pattern has good agreement with that of the Mg?*-bound state
in vitro. In contrast, the cross-peaks observed on calbindin Dgy
(P47M + C80) in HelLa cells in the later stages (114-152 min from
the start of the experiments) (Fig. 2B and D) showed almost iden-
tical chemical shifts with the corresponding cross-peaks of Ca®*-
bound calbindin Doy (P47M + C80) in vitro. First, these results dem-
onstrated that the Ca®* ions initially bound to the CPP™"-conju-
gated calbindin Dg, (P47M +C80) were released during the
incorporation process into HelLa cells. This was confirmed by the
similar in-cell NMR experiments employing the metal-free calbin-
din Dgy (P47M + C80) for the incorporation process, in which iden-
tical results were obtained (Supplementary Fig. S6).

Further our results showed that the calbindin Doy (P47M + C80)
just after the incorporation process binds Mg?* ions. Time-depen-
dence in signal intensity of representative cross-peaks suggested
that the conversion from Mg?*- to Ca?*-bound states occurred con-
tinuously (Fig. 2E and F). To interpret this, we hypothesised that
the Ca%*-burst (presumably from the ER) happened continuously
after the start of the in-cell NMR experiments, consequently the
bound Mg?* ions were replaced by Ca?* ions, since the affinity of
calbindin Dg, to Ca?* is approximately 10® times higher than
Mg?* [28]. In order to investigate when this Ca®*-burst and the
resulting time-dependent changes in calbindin Dg, (P47M + C80)
start, we introduced an extra incubation time (120 min) in Dul-
becco’s Modified Eagle Medium, containing 10% fetal bovine serum
and 1% antibiotics (penicillin/streptomycin) on the culture dish be-
tween the protein incorporation and the NMR sample preparation
processes in the protocol (Fig. 3A). The additional incubation time
caused no significant difference in in-cell NMR spectra (Fig. 3B-E),

demonstrating that the time-dependent changes in the spectra do
not start after the incorporation of calbindin Dg, (P47M + C80), but
initiated after the NMR sample preparation process, in which HeLa
cells were removed from the culture dish by trypsin/EDTA, washed
and placed into an NMR tube.

2*_bursts occur in HeLa cells under various stresses [38-41].
It is known that NMR radio frequency (RF) pulses continuously
move and reorient ions and polar molecules by an alternating elec-
tric field, and thereby increase the sample temperature. In order to
verify the possibility that the RF pulses, and the resulting local
temperature increase in HelLa cells, contribute to the increase of
cytosolic Ca?* concentration, we modified the protocol and left
in-cell NMR samples inside the magnet for 120 min without apply-
ing any RF pulses before starting NMR measurements (Fig. 3F). The
TH-'5N SOFAST-HMQC spectrum measured after this additional
incubation time showed essentially an identical cross-peak pattern
to that of the Ca?*-bound state (Fig. 3G), suggesting that RF pulses
are not the major cause for the increase in the cytosolic Ca®*
concentration.

4. Discussions

In this paper we established the method for and successfully
monitored the increase in the concentration of cytosolic Ca* in
HelLa cells by observing the time-dependent changes in the
'H->N correlation cross-peaks of calbindin Dgx (P47M + C80).
Our results demonstrated that metal ions bound to calbindin Dgy
(P47M + C80) were released during the incorporation process,
and that the this protein is initially in the Mg?*-bound state. Then
it was revealed that the continuous increase in the concentration of
cytosolic Ca%*, which is detected by the time-dependent change in
the in-cell NMR spectra of calbindin Dg, (P47M + C80) from the
Mg?*- to Ca®*-bound states, is autonomously induced as responses
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to various stresses after NMR sample preparation. To the best of
our knowledge, this is the first in-cell NMR report showing the
stimulation-induced state-transition of proteins in living mamma-
lian cells.

The existing protocols for eukaryotic in-cell NMR experiments
are very effective for obtaining NMR spectra of proteins under spe-
cific/nonspecific intracellular interactions within a short time.
However, as was demonstrated in this study, when investigating
the behaviours of proteins involved in stress-induced responses
or related to longer-term biological events, we have to examine
carefully the stresses in the NMR tubes and resulting cell death.
Improvements of NMR systems, aiming at keeping cells alive by
e.g., recycling the media during NMR measurements, have been re-
ported [42,43]. In the future, in-cell NMR studies in mammalian
cells may head in the direction of achieving more “physiological”
conditions during the experiments. In the method-development
stage of mammalian in-cell NMR, the initial goal was to observe
protein behaviours while cells are “alive” during the experiments.
Once the approach matures, more detailed information on the con-
ditions of host cells will become increasingly important for proper
interpretation of observations by in-cell NMR. In this context, our
method will provide a very useful tool for in situ monitoring of
the “healthiness” of the cells in various in-cell NMR studies.
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