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EPR in-cell spin-labeling was applied to CueR in E. coli. The
methodology employed a Cu(i)-NTA complexed with dHis. High
resolved in-cell distance distributions were obtained revealing minor
differences between in vitro and in-cell data. This methodology
allows study of structural changes of any protein in-cell, independent
of size or cellular system.

Understanding structural dynamics of proteins within their
physiological environment can be considered as the Holy Grail
of structural biology. Currently, the most common methods
used for resolving protein structures within the cell are nuclear
magnetic resonance (NMR), Forster resonance energy transfer
(FRET), and cryo electron tomography (cryo-ET)). These fast-
advancing technologies provide different perspectives on spatial-
temporal resolution and structural rearrangements of proteins
within the cell. In cell NMR can detect interactions between
proteins and small molecules and provides three dimensional
structures about the proteins of interest,"” yet it is limited by the
size of the biological system of interest. In cell FRET can report
on dynamical changes of proteins in the cell>* but has not yet
provided accurate structural information. Cryo-ET is an excellent
tool for obtaining structural information on large symmetric
biological systems and complexes.® At the same time, it is less
preferred for monitoring proteins of low abundance or low
symmetry within a cell.””®

During the last decade, in cell electron paramagnetic reso-
nance (EPR) spectroscopy has emerged as an excellent methodol-
ogy to follow biological mechanisms at high resolution within the
cell.”*® EPR distance measurements, such as double electron
electron resonance (DEER), can define distances within a
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biological system in the nanometer range (1.5-10.0 nm)."”” EPR
spectroscopy offers numerous advantages over other biophysical
tools. First, its high sensitivity, EPR can target biomolecules
present at concentrations ranging from the micromolar level to
the few tens nanomolar level.'* Moreover, EPR measurements are
not limited by the size or complexity of the biological system nor
by the environment in which it is found. However, EPR spectro-
scopy requires paramagnetic centers, a need that raises several
challenges, especially for in cell EPR experiments. The first
obstacle is that the selected spin-label should be stable in a
reducing environment, such as the cytoplasm. Therefore, the
most common spin-labels used for in cell EPR measurements
are Gd(m)-"° and trityl->*>* based spin-labels. A second obstacle is
that the currently applied spin-labeling methodology requires
delivery of the spin-labeled protein into the cell, after the spin-
labeling procedure was performed outside of the cell. This limits
the size of the biomolecule of interest, as well as the cellular
system that can be investigated, which is limited by how much the
cell membrane can be distorted. As such, this method is mostly
employed for studies of eukaryotic systems.”'>"***

Previously, a genetically encoded nitroxide spin labeling
methodology was suggested on overexpressed proteins in
E. coli, showing a sufficient efficiency of overexpressed spin-
labeled protein.'® Here we report the development of a new in
cell spin-labeling methodology. The advantage of this method
is that it is performed on over-expressed proteins within the
bacterial cell, and with the spin-labeling process being carried
out within the cell itself. Using this method, any protein,
regardless of size and/or complexity, can be studied in a variety
of cellular systems. This approach uses Cu(u)-nitriloacetic acid
(Cu(u)-NTA) as the spin-label. Cu(i)-NTA shows high-affinity to
dHis sites, especially for dHis sites located within helices
(Fig. 1A)."®2°27 In the cell, free Cu(u) is immediately reduced
to the diamagnetic state, Cu(i). The NTA ligand ensures that
Cu(u) will not be reduced in the cytosol.>’° To form a stable
complex, the two histidine residues of such sites should be
separated by four amino acids to ensure high Cu(iu)-NTA
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Fig. 1 (A) Schematic depiction of the spin-labelling approach. The protein
of interest is over-expressed in E. coli. It is characterized by a dHis site.
Cu(i) coordinated to a nitriloacetic acid (NTA) ligand, which displays high
affinity to the dHis site, is delivered into the cells to realize site-specific
labelling within the cell. (B) CueR homodimer structure (PDB 1Q05). Each
monomer has a aafpoaca secondary structure. ol and «2 helices are in the
DNA binding domain. The loop between o5 and a6 comprises Cu() site.
The selected mutants are marked by pink.

binding.”*' The two histidine residues are required to be in the

plane or in a 360° turn to complex Cu(u) which is about four
amino acids apart.’” Since this spin-labeling method is per-
formed on the protein backbone, it provides very narrow
distance distribution functions, and can differentiate between
minor conformational changes of the protein. As proof of
concept of this methodology, the copper-sensitive transcription
factor CueR (Fig. 1B)***° was employed. CueR is a transcription
factor that prevents copper toxicity in Gram-negative bacteria. It
possesses high affinity to the reduced form of copper, Cu(i).
Upon Cu(1) binding in a linear coordination to C112 and C120
residues, CueR initiates a transcription process that leads to the
expression of proteins that either oxidize copper to the less
toxic Cu(u) form or shuttle copper outside the cell. We pre-
viously showed that DEER measurements performed on a
CueR_L60H_G64H mutant labeled with Cu(u)-NTA can follow
conformational changes of the protein as a function of Cu()
and DNA binding in vitro.>* In this study, we also showed that
the labeling efficiency of Cu(u)-NTA to CueR_L60H_G64H
mutant is above 95%. Therefore, for in cell EPR measurements,
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the CueR_L60H_G64H mutant was over-expressed in E. coli.
The expression and purification protocols are described in the SI.
SDS-PAGE confirmed CueR over-expression, and the purity of
purified CueR_L60H_G64H (Fig. S1, ESIf). Circular dichroism
showed that the secondary structure of the protein was not
affected by this mutation (Fig. S2, ESIf). An electrophoresis
mobility shift assay (EMSA) confirmed that the CueR_L60H_G64H
mutant protein bound to the copA promoter in a similar manner as
the native CueR protein (Fig. S3, ESIT). Assessing cell viability in
the presence of Cu(u)}-NTA and free Cu(u) ions at various concen-
trations (Fig. S4 and S5, ESIf) revealed that at the applied
concentration, the cell viability is reduced by about 20%.

DEER experiments were run on three samples, namely,
CueR_L60H_G64H over-expressed in E. coli cells, E. coli lysate
and purified CueR_L60H_G64H (Fig. 2). The time domain
DEER signals before background subtraction are presented in
Fig, S6, ESL.1 Cu(u)-NTA was added to the cells together with the
isopropyl-p-p-thiogalactopyranoside (IPTG) inducer (first sam-
ple). To test for promoter leakage, the cells were harvested, and
the cleared growth medium was measured by EPR. This
revealed no Cu(u) signal (Fig. S7, ESIf). Subsequently, the
harvested cells were lysed, the cell debris was collected by
centrifugation, and clear lysate was measured (second sample).
Finally, the data collected were compared to the purified
protein (third sample). The field-sweep echo-detected EPR
spectra for all three samples are shown in Fig. S8, ESL{ For
in cell and lysate experiments, a Mn(u) signal was noted.
However, this signal only contributes to the homogeneous
background of the DEER signal and does not interfere with
the DEER time domain modulations (Fig. S9, ESIt). To verify
that Cu(u)-NTA cannot bind to other cellular proteins and affect
the DEER signals, DEER measurements were performed on

CueR_L60H_G64H

J“ \. CueR_in cell

CueR_in cell
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T T T T " T "1 L
0.0 04 0.8 1.2
tps]

Fig. 2 Q-band DEER measurements on CueR_L60H_G64H spin-labelled
with Cu(i)-NTA. Q-band EPR distance measurements on purified (gray
line) and overexpressed protein in 25 mM Tris buffer, lysate (light blue) and
in BL21 cells (orange). The left side represents the time domain data after
background subtraction and the right side the corresponding distance
distributions. The dotted dark line represents the simulated distance
distribution based on the CueR crystal structure (PDB 1Q05). Simulations
were performed using the MMM program and data were analyzed using
the DeerAnalysis program using Tikhonov regularization, where the reg-
ularization parameter was 50.° Distance distribution validation considered
white noise, background start and dimensionality. The colour bar indicates
reliability ranges (green: shape reliable; yellow: mean and width reliable;
orange: mean reliable). Purified protein concentration was 45 pM. For all
samples 30% glycerol was added.

r[nm]
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Cu(u)-NTA in E. coli cells without overexpression of CueR
(Fig. S9, ESIT). The DEER signal was characterized by only
exponential decay signal, confirming that there is no binding
of Cu(u)-NTA to other cellular proteins. The time domain DEER
signal of CueR_L60H_G64H (Fig. 2) suggested that most of the
Cu(u)-NTA is bound to the protein (at least 70%). The modula-
tion depth value of the purified CueR is 0.0048 £ 0.001,
whereas CueR detected in the cell is 0.0037 £ 0.001. 70%
binding allows a minimal background contribution to the
DEER signal.*"**> The DEER data suggests a distance distribu-
tion for the purified protein of 2.7 + 0.1 nm, whereas in the
lysate it was 2.8 £ 0.1 nm, and 2.85 % 0.25 nm in the cell. The
predicted distance distribution based on the CueR crystal
structure (PDB 1Q05) is 2.95 & 0.1 nm. The agreement between
the data confirms that most of the Cu(u)-NTA successfully
bound to the over-expressed protein within the cell.

To further confirm this methodology, we applied it on two
additional mutants (Fig. 3), CueR_E21H_L25H, which is
located at the DNA binding domain of the protein (Fig. 1B),
and CueR_H94_L98H, which is located on the «5 dimerization
helix. The DEER data on the purified CueR_E21H_L25H pro-
poses a distribution of 2.7 £ 0.3 nm, while in the cell a bit
narrower distribution was obtained 2.55 + 0.1 nm. For the
purified protein, additional distance distribution around
4.1 nm was observed, however this distribution is not reliable
based on the distance distribution validation and the short time
domain DEER signal. The 2.5-2.7 nm distributions of the
purified protein and in the cell are smaller than the predicted
distance distribution based on the crystal structure (PDB 1Q05).
This is consistent with our previous studies, where we revealed
that the two DNA binding domains are closer to each other than
the crystal structure conformation and are spread apart only
when bound to DNA.*>*® For the CueR_H94_L98H mutant, a
distribution of 1.9 £ 0.1 nm was obtained for the purified
protein, consistent with the predicted distance distribution of
the crystal structure. In the cell, a distribution of around 1.8 nm
was obtained. For this mutant, some longer distance distribution
was observed, which might be owing to higher oligomerization
state of the protein. Such oligomerization was previously
detected by us when the protein concentration**** is high as
well as by sm-FRET in cell study on CueR homologue, Zur.*° It is
important to note that we did not detect major changes in the
modulation depth, and the distance distribution validation
suggests that the reliability of the 4.0-5.0 nm distributions is
low. Therefore, we focused here only on the distribution smaller
than the 2.0 nm, which agrees well with the crystal structure. For
both mutants (CueR_E21H_L25H and CueR_H94_L98H), the
change in the modulation depth between the purified and in
cell protein was very minor, suggesting that most of the Cu(u)-
NTA is bound to the protein. Moreover, the change between the
distance distribution functions for all three mutants between the
purified proteins and the overexpressed proteins in the cell,
proposes that there are some structural differences between the
cellular system and the purified proteins. These differences can
be explained by the fluctuation in pH and salts present in E. coli.
E. coli maintains a pH between 7.2 and 7.8 and actively
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Fig. 3 Q-band DEER measurements on (A) CueR_E21H_L25H and B.
CueR_H94_L98H, spin-labelled with Cu()-NTA, on purified protein in
25 mM Tris buffer and in BL21 cells. The left side represent the time domain
data after background subtraction and the right side the corresponding
distance distributions. The red line represents the simulated distance
distribution based on the CueR crystal structure (PDB 1Q05). Simulations
were performed using the MMM program and data were analyzed using the
DeerAnalysis program using Tikhonov regularization, where the regulariza-
tion parameter was 50° (solid black lines), and using DEERNet (dashed black
lines). Distance distribution validation considered white noise, background
start and dimensionality. The colour bar indicates reliability ranges (green:
shape reliable; yellow: mean and width reliable; orange: mean reliable; red:
no quantification possible). [purified CueR_E21H_L25H] = 45 uM, [purified
CueR_H94_L98H] = 100 uM. For all samples 30% glycerol was added.

transports salts in and outside of the cell, thus providing a
varying environment that is different from a fixed buffer system.
Secondly, CueR within the cell is surrounded by countless other
macromolecules including CueR itself, which can impact the
overall structure compared to the data obtained from purified
proteins alone. Altogether, these minor differences from in cell

This journal is © The Royal Society of Chemistry 2023
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data reflect the increment in understanding of structural
dynamics of proteins within their physiological environment
compared to in vitro data.

Gaining structural information on proteins in their native
cellular environment provides novel perspectives on numerous
enzymatic reaction mechanisms and facilitates development of
new therapeutic approaches. During the last decade, in cell EPR
spectroscopy has emerged as an excellent tool for providing
high-resolution structural data on proteins. However, one of
the major challenges of EPR spectroscopy is the spin-labeling
process, which is mostly performed outside the cellular
environment. Herein, we demonstrated the feasibility of using
an endogenously over-expressed protein in E. coli with dHis site
to spin-label the protein with a Cu(u) paramagnetic center in
the native cellular environment. The main advantage of this
method is that it can be performed on any over-expressed
protein, independent of its size or complexity. The labeling
yield is comparable high of at least 70%, which allows for
detection of well-resolved distance distribution functions.
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