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Abstract: The cellular environment of proteins differs consid-
erably from in vitro conditions under which most studies of
protein structures are carried out. Therefore, there is a growing
interest in determining dynamics and structures of proteins in
the cell. A key factor for in-cell distance measurements by the
double electron—electron resonance (DEER) method in pro-
teins is the nature of the used spin label. Here we present
a newly designed Gd"™ spin label, a thiol-specific DOTA-
derivative (DO3MA-3BrPy), which features chemical stability
and kinetic inertness, high efficiency in protein labelling,
a short rigid tether, as well as favorable spectroscopic proper-
ties, all are particularly suitable for in-cell distance measure-
ments by the D EER method carried out at W-band frequencies.
The high performance of DO3MA-3BrPy-Gd™ is demon-
strated on doubly labelled ubiquitin D39C/E64C, both in vitro
and in HeLa cells. High-quality DEER data could be obtained
in HeLa cells up to 12 h after protein delivery at in-cell protein
concentrations as low as 5-10 um.

Characterization of the dynamics, interactions and struc-
tures of proteins is an important way of delineating their
functions. Current biophysical methods used to explore
protein dynamics and structures are generally applied in vitro,
under conditions that differ considerably from the cellular
milieu. In the cell, molecular crowding, sub-organelle local-
ization, post-translational modifications, and specific and
non-specific associations with cellular components may
inevitably affect the structure and conformational equilibria
of proteins.!!l Therefore, effective methods for exploring the
atomic resolution structure and dynamics of proteins in their
native cellular environment are highly desirable. Currently,
NMR spectroscopy is probably the most effective method for
determining structure and dynamics in the cell at atomic
resolution. However, its low sensitivity invariably requires
expensive isotope labeling and high protein concentrations,
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and it is generally applicable to a limited number of
proteins.'"*? DEER is a method that provides distance
distributions between pairs of, usually identical, spin labels
that are attached to a bio-macromolecule at well-defined
sites.’! Its distance accessibility is usually in the 1.6-8 nm
rangeP and can increase to 16 nm if the protein is deuter-
ated.”! Owing to its inherently high absolute sensitivity as
compared with NMR spectroscopy, and its insensitivity to
protein size and background signals, DEER can become an
efficient method for in-cell structural studies of proteins.”

The first in-cell DEER experiments using standard nitro-
xide spin labels were reported in oocytes, where the low
stability of the nitroxide radicals in the reducing cellular
environment was noted.®™ This is not a problem when the
nitroxide spin label is exposed to the outside of the cell
environment,”® but otherwise it pauses a significant limitation
on this methodology. Thus, for the in-cell DEER method to
become a significant and viable technique, stable spin labels
are required to explore the protein interactions and dynamics
in the cell. New nitroxide spin labels are currently under
development but so far they have not been demonstrated in
in-cell DEER experiments."l Recently, RIDME distance
measurements between a trityl spin label and intrinsic Fe™
in CP450, requiring 80 h accumulation time, was reported in
oocytes.!! An attractive alternative approach is to use Gd"-
based spin labels, which have already been reported for many
in vitro Gd"-Gd"™ DEER applications.”

We have recently reported on in-cell W-band Gd™-Gd™
DEER distance measurements of maleimide-DOTA-Gd™-
labeled proteins in human HeLa cells.'”! The drawback of the
maleimide-DOTA tag is its rather long and flexible tether. In
addition, there were reports that thiomaleimide conjugates do
not exhibit long-term stability in cells due to the thiol
exchange with glutathione and the hydrolysis of succinimide
ring." Q-band DEER experiments on a 4-vinyl PyMTA-
Gd" conjugated peptide injected into oocytes was reported as
well.'”l However, the low reactivity of this tag towards protein
thiols results in unfavorable labeling conditions for a pro-
tein."”) More recently, a lanthanide binding peptide was fused
into a helical bundle peptide both at the N- and C-termini,
Gd™ was supplemented with high concentration (100 to
500 pm) through the growing media and W-band in-cell
spectra were recorded.' The main problem with this
approach is the low binding constant of Gd™ and the long
measurement time (72 h) owing to the background of large
amounts of free Gd™, which affects the signal-to-noise ratio.

In general, efficient in-cell DEER measurements require
high stability of the spin label, a stable linker between the
protein of interest and the spin label and a minimal size of the

Wiley Online Library
These are not the final page number

Angewandte

intemationalEdition’y Chemie

g2

1


http://dx.doi.org/10.1002/ange.201611051
http://dx.doi.org/10.1002/anie.201611051
http://dx.doi.org/10.1002/anie.201611051

GDCh
~~—~

2
L

spin label that will not affect the protein structure. Finally, the
linker should be short and rigid for obtaining a narrow
distance distribution that does not mask protein conforma-
tional changes.

The formation of a thioether bond between a protein and
a Gd™ spin label is a promising way to introduce a para-
magnetic center in a protein for in-cell studies.'*'? The stable
C—S bond can be generated by either a nucleophilic sub-
stitution reaction between the solvent-exposed protein thiols
and haloacetateamide derivatives,'” phenylsulfonyl"™ or
nitro-substituted pyridines,"”’ methylsulfonylbenzothiazole
derivatives,'® or a Michael addition-like thiol-ene reaction.["]
The single-armed (4-phenylsulfonyl) pyridine-substituted
DOTA-like tags (DO3MA-Py, Py represents the 4-phenyl-
sulfonyl pyridine) were demonstrated as stable and rigid
paramagnetic tags in protein analysis by paramagnetic NMR
spectroscopy both in vitro and in living cells.*” The coordi-
nation of the pyridine nitrogen to the metal ion restricts the
flexibility of the spin label and hence, it should report
narrower distance distributions in DEER measurements
compared with the maleimid-DOTA tag. However, the low
reactivity of these DO3MA-Py tags requires a high pH (ca.
9)P%I or a high temperature and a long incubation time (40°C
and 20 hours, respectively)?™ for protein modifications.
These conditions are not suitable for efficient and general
protein modifications. Here we present a new reactive thiol-
specific ~ DOTA-derivative, (2R,2'R,2"R)-2,2'.2"-(10-(5-
bromo-4-(phenylsulfonyl)pyridin-2-yl)methyl)-1,4,7,10-tet-
raazacyclododecane-1,4,7-triyl)tripropanoic acid (DO3MA-
3BrPy) (Figure 1), for efficient in-cell DEER measurements,
as demonstrated on ubiquitin in human HeLa cells.

The synthesis of the DO3MA-3BrPy tag and the forma-
tion of the Gd™ complex are given in the Supporting
Information. A double cysteine mutant of ubiquitin, D39C/
E64C, was expressed and purified. The ligation of DO3MA-
3BrPy-Gd™ with D39C/E64C ubiquitin at pH 8 was com-
pleted within six hours at room temperature with a ligation
yield of about 80 % (see the Supporting Information). This is
significantly faster than the previously reported 4PhSO2-
PyMTA, DO3MA-Py, and DOSM-Py tags.'*?! The increased
reactivity of DO3MA-3BrPy-Gd™ towards solvent exposed
cysteines, imparted by the Br substitution is consistent with
earlier findings."!

In vitro paramagnetic NMR measurements were carried
out on the DO3MA-3BrPy-Yb"-tagged single and double
cysteine mutants, D39C, E64C, and D39C/E64C to ensure
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Figure 1. An efficient way of tagging proteins with a stable and rigid
Gd"' tag for in-cell DEER measurements.
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that the labeling does not affect the protein structure and to
assess the mobility of the spin label in the protein conjugate
(Figures S3-6 and Table S1). High-resolution spectra were
recorded and analyzed with '"N-labeled protein samples.
Large pseudo-contact shifts (PCSs) were generated for the
D39C-DO3MA-3BrPy-Yb™ and E64C-DO3MA-3BrPy-Yb™
adducts, and similar paramagnetic tensors were determined
for the two protein adducts (using the Numbat program®).
The large PCS and the paramagnetic susceptibility tensor
parameters (Table S1) suggest that the protein-DO3MA-
3BrPy-Ln™ conjugate is rigid. The excellent agreement
between the experimental and back-calculated PCSs indicates
reliable paramagnetic tensors in the two protein conjugates
(Figure S6), and that no significant structural perturbations
are observed when the paramagnetic tag is introduced.
Similar measurements were carried out on the doubly
DO3MA-3BrPy-Yb™ labeled 'N-ubiquitin D39C/E64C
sample. Comparison of experimental PCSs determined in
the doubly labeled protein with the sum of PCSs from singly
labeled protein samples gave a very good agreement.
Compared with the singly labeled proteins, the high-quality
correlation of the experimental data and the calculated PCSs
from the individual paramagnetic tensors indicate that there
are no obvious structural variations in the doubly labeled
D39C/E64C adduct (Figure S6).

Following the encouraging results from the in vitro NMR
characterization, we proceeded to in vitro and in-cell DEER
measurements. The doubly DO3MA-3BrPy-Gd™-labeled
protein was delivered by hypotonic swelling®®! and electro-
poration'® into HeLa cells. Echo-detected EPR (ED-EPR)
and DEER measurements were carried out as a function of
time after the delivery into the cells.

Figure 2 presents the 10 K W-band ED-EPR spectrum of
ubiquitin D39C/E64C labeled with DO3MA-3BrPy-Gd™
recorded in vitro (frozen solution) and in HeLa cells. The
width of the central transition (full width at half height),
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Figure 2. The central transition region of the 10 K W-band ED-EPR
spectrum of ubiquitin D39C/E64C-DO3MA-3BrPy-Gd"' in vitro (dashed
line) and in cells, frozen 2 hours after delivery by hypotonic swelling
(red) and 5 hours after delivery by electroporation (black), respectively.
The positions of the pump (v,) and observe (v,) frequencies are
denoted by arrows.
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180 MHz, is larger than that of the maleimide-DOTA-Gd™
label (50 MHz).l%! This difference is attributed to the larger
zero-field splitting (ZFS) arising from the lower symmetry
around the Gd"™ induced by the coordination of the pyridyl
nitrogen. Notably, strong cellular Mn" EPR signals are
present in the in-cell samples.

DEER measurements on ubiquitin D39C/E64C-
DO3MA-3BrPy-Gd"™, both in frozen solution and in frozen
HeLa cells, are presented in Figure 3. The position of the
observe and pump pulses are indicated in Figure 2 and the
experimental details are given in the Supporting Information.
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Figure 3. W-band DEER data after background correction of D39C/
E64C-DO3MA-3BrPy-Gd"' in vitro (bottom trace in each panel) and
inside HelLa cells at different times after delivery by hypotonic swelling
A) and electroporation C) along with the fits obtained using DeerAnal-
ysis.? B) and D) are the distance distributions derived from the DEER
traces in (A) and (C), respectively. All traces were shifted for clarity.
The primary data are given in the Figure S7. The red traces in (B) and
(D) correspond to the calculated distance distribution using MtssIWiz-
zard,” and are depicted in both panels for better comparison with the
in-cell measurements.

The four-pulse DEER trace of ubiquitin D39C/E64C-
DO3MA-3BrPy-Gd™ in vitro (75 pm) is shown in Figure 3 A
(bottom trace); clear modulations with a modulation depth, 4,
of 1.5% are observed. This A value is lower than that observed
for ubiquitin labeled with maleimide-DOTA-Gd™ (5% )!'*!
owing primarily to the broader central transition of DO3MA-
3BrPy-Gd™. The distance distribution derived from the
DEER trace using DeerAnalysis,** shown in Figure 3B at
the bottom, has a maximum at 4.2 nm and a width at half
height of 0.7 nm (a standard deviation of 0.37 nm). For this
distance and the EPR central transition linewidth of 180 MHz
we do not expect significant broadening owing to the failure
of the weak coupling approximation used in the data
analysis.””! This compares favorably to a width of 0.5 nm
(0.34 standard deviation) obtained for a rigid ruler molecule
bearing two Gd"-PyMTA complexes and a Gd""-Gd""V
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distance of 4.3 nm®! (see Figure S8). Considering that the
labeling sites in the protein are not on a rigid secondary
element, this difference is expected and is likely to originate
from the protein flexibility. The reported distance distribution
widths measured for the ubiquitin S20C/G35C mutant with
MTSSLP and maleimide-DOTA, "™ were both 1.5 nm. This
is significantly larger than for the D39C/E64C conjugated
DO3MA-3BrPy-Gd™ sample, with the reservation that the
labeling sites are different.

To account for the distance distributions, we used the
ubiquitin crystal structure®! and anchored the DO3MA-
3BrPy-Gd™ complex to the sidechains of cysteines incorpo-
rated at positions 39 and 64 (see the Supporting Information
and Figure S9 for details). The Gd™-Gd™ distance was
obtained using MtssIWizzard®” for random variations of the
torsion angles of the cysteine sidechains at the ligation sites
with the paramagnetic tag, whereas all other structural
segments were treated as a rigid body. The obtained distance
distribution, shown in Figures 3B and D as red traces, has
a maximum at 4.1 nm, which is in excellent agreement with
the experimental results.

The in-cell DEER data of D39C/E64C DO3MA-3BrPy-
Gd™ delivered into Hela cells are shown in Figure 3 as well.
To test the stability of DO3MA-3BrPy-Gd™-conjugated
ubiquitin in living HeLa cells after hypotonic swelling and
electroporation delivery, the cells were incubated for different
times in the cell media (see the Supporting Information) and
then frozen for ED-EPR and DEER measurements. For
hypotonic swelling two-hour incubation was found to be
sufficient for full cell recovery,!®%! whereas for electro-
poration delivery five hours are needed.'® The similar
in vitro and in-cell Gd"-Gd"™ distance distributions indicate
that the structure of ubiquitin reported by the D39C/E64C
spin pair is essentially unchanged in cells. There are some
differences in the distance distribution width for the proteins
delivered by the different methods, of which electroporation
produces a wider distribution for most samples. The data
quality however is not sufficient for drawing unambiguous
conclusions from this observation. In terms of the DEER
modulation depth we observe a general reduction for the in-
cell protein samples compared to the in vitro ones. Moreover,
for hypotonic swelling, the modulation depth changed from
1.1% after 2h to 0.9 % after 7 h and to 0.8 % after 12 h. For
the electroporation delivery, the 1h sample resulted in
a modulation depth of 1.2%, which decreased to 0.7% for
5h and to 0.5% after 12 h. The presence of cellular Mn"
contributes to the background decay and reduces the
modulation depth, but it does not affect the modulation
frequency, that is, the distance distribution. This will be
discussed further later.

The ED-EPR spectra of in-cell samples (Figure S10)
reveal a decrease of the intensity of the Gd™ signal with
incubation time relative to the Mn" signal. We used these
EPR spectra to estimate the in-cell Gd™ concentration. The
in-cell ED-EPR spectra were simulated as a superposition of
two spectra: one corresponding to the in-cell Mn" back-
ground, which was obtained from the spectrum of cells
without the delivered protein, and the other corresponding to
the delivered protein, obtained from the in vitro sample with

www.angewandte.org

These are not the final page number

Angewandte

intemationalEdition’y Chemie

g2

3


http://www.angewandte.org

GDCh
~~—~

4
R

the known concentration. The bulk Gd(IIT) concentration,
namely, the concentration in the total volume of the sample,
was then estimated from the relative weight of the above two
spectra. (see Figure S10). We then estimated the in-cell Gd™
concentration, which is higher than the bulk concentration
because the cells do not comprise 100% of the sample
volume, taking into account the number of cells in the sample
and the cell volume (see the Supporting Information for
details). The dependence of the Gd™ bulk and in-cell
concentrations on the incubation time for the two delivery
methods is shown in Figure 4. A continuous decrease from 2
to 12h is observed for hypotonic swelling and the in-cell
concentration after 12h was estimated to be about 5 pm
(corresponding to two Gd™ per ubiquitin, which is equal to
[Gd™] =10 pm). For electroporation, more protein was deliv-
ered into the cell and the decrease in Gd™ concentration in
the cell with time was milder, and obvious changes were
observed after 5 h after the delivery.
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Figure 4. In-cell (black) and bulk (red) concentrations of ubiquitin
D39C/E64C-DO3MA-3BrPy-Gd" determined by EPR spectroscopy and
Western blots (blue) as a function of incubation time after delivery.
A) Hypotonic swelling delivery. B) Electroporation delivery. Note that
the Gd"' concentration determined by EPR corresponds to 0.5 [Gd"],
which matches the protein concentration.

We also determined the in-cell ubiquitin concentration
using Western blots (see Figure S11), and the results pre-
sented in Figure 4 show that there is a reduction in the
concentration of monomeric ubiquitin in the cell with
incubation time. The agreement between the in-cell concen-
trations determined from the EPR spectra and the Western
blots is rather good, considering the error bars.

Using the spectral deconvolution shown in Figure S10, we
estimated the relative contributions of the Gd™ and Mn"
signals at the observer frequency and found that they
correlate closely with the change in the modulation depth
for both delivery methods (see Figure S12). This indicates
that there is no significant leakage of Gd™ from the tag nor is
there a significant detachment of the tag from the protein.
The reduction in the modulation depth is mostly due to the
reduction in the in-cell protein concentration and the
presence of overlapping signals of Mn". The former might
be due to extrusion of the delivered spin-labeled proteins
from the cells during incubation and maybe other degradation
processes.

In summary, we presented a new Gd" spin label
(DO3MA-3BrPy-Gd™) with a rigid tether, a high Gd™
binding constant and high reactivity towards protein thiols
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that can be efficiently attached to a protein. The new Gd™
spin label demonstrated its excellent performance in W-band
in-cell DEER measurements down to 5-10 um of in-cell
protein concentrations with accumulation times within 20 h.
Ubiquitin does not produce well resolved "'N-HSQC NMR
spectra in cells because the non-specific interactions with
cellular constituents broaden NMR signals.”®! Our in vitro
and in-cell DEER results indicate that these non-specific
interactions do not affect the protein conformation as
reported herein by the spin labeled D39C/E64C mutant.
The high stability of this new and rigid Gd™ spin label up to
12 h in living HeLa cells, along with its relatively small size
and the high efficiency of its conjugation to protein cysteine
residues is likely to find wide applications in delineating the
structure and interactions of proteins in cells using DEER and
NMR methods.
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Cell EPR Distance Measurements in :G(\jz’\’:l;

Proteins
Distance measurements: A reactive and cells. High-quality DEER data could be
rigid Gd"' spin label showed excellent obtained in Hela cells at protein con-
performances in distance measurements  centrations as low as 5-10 uM up to 12 h
using the double electron—electron reso-  after the delivery of proteins.
nance (DEER) method in vitro and in
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