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(Abstract: The application of double electron-electron reso-
nance (DEER) with site-directed spin labeling (SDSL) to mea-
sure distances in proteins and protein complexes in living
cells puts rigorous restraints on the spin-label. The linkage
and paramagnetic centers need to resist the reducing condi-
tions of the cell. Rigid attachment of the probe to the pro-
tein improves precision of the measured distances. Here,
three two-armed Gd" complexes, Gd"-CLaNP13a/b/c were
synthesized. Rather than the disulfide linkage of most other
CLaNP molecules, a thioether linkage was used to avoid re-

\

ductive dissociation of the linker. The doubly Gd" labeled
N55C/V57C/K147C/T151C variants of T4Lysozyme were mea-
sured by 95 GHz DEER. The constructs were measured in
vitro, in cell lysate and in Dictyostelium discoideum cells.
Measured distances were 4.5 nm, consistent with results
from paramagnetic NMR. A narrow distance distribution and
typical modulation depth, also in cell, indicate complete and
durable labeling and probe rigidity due to the dual attach-
ment sites.

/

Introduction

Structural studies are generally performed in vitro, on isolated
and purified protein samples. However, proteins function in a
complex environment, interacting with a range of large and
small molecules under conditions that differ strongly from a di-
luted aqueous solution. Hence, it can be of relevance to study
protein structures and interactions also in cell lysates or within
a cell. Distance measurements by double electron-electron res-
onance (DEER, also named PELDOR) techniques? allow dis-
tance restraints to be obtained by measuring the dipolar inter-
action between two electron spins.® Such techniques yield
distance information in the range of 2-16 nm.*® While natu-
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rally occurring paramagnetic centers are the classical object of
study for EPR, the range of EPR has expanded significantly by
the use of spin labels. These labels are introduced at specific
sites, using site-directed spin labeling (SDSL). For DEER experi-
ments, two labels are introduced into the system at a distance
suitable to obtain a DEER signal. The introduced paramagnetic
centers should have minimal motional freedom relative to the
protein to reduce the width of the distance distribution ob-
tained from the DEER experiment. In-cell measurements intro-
duce further requirements for the spin-label. The cellular envi-
ronment is strongly reducing, so both the spin-label itself and
the bond linking the probe to the protein need to be resistant
to reduction.” "

Nitroxide compounds are the most commonly applied spin-
labels in EPR spectroscopy for a large variety of distance mea-
surements, due to their small size and handling ease.'*'¥ The
first in-cell DEER measurement of a protein-protein distance
was obtained by injection of 3-maleimido-PROXYL labeled
human ubiquitin into oocytes."™ In [13], the maleimide func-
tional group was conjugated to a cysteine residue. Unlike a di-
sulfide bridge, the C—S bond between the cysteine and malei-
mide group is resistant to reduction;"*"'” however, the nitro-
xide radical can be reduced under cellular conditions,"” ren-
dering it diamagnetic. The resistance of nitroxides towards re-
duction can be increased through modification of the
nitroxide-containing ring, usually by attaching substitu-
ents.''? Other approaches replaced the nitroxide by other
radical types, such as the trityl radical;”*?" see also the review
by Bonucci et al.”?

Here we focus on one such alternative, the Gd" ion, with S=
7/2, which has a better stability than the standard nitroxides
and, especially at high magnetic field, provides high sensitivity

Chem. Eur. J. 2020, 26, 17128 - 17133 Wiley Online Library 17128 © 2020 The Authors. Published by Wiley-VCH GmbH


http://orcid.org/0000-0001-9485-7141
http://orcid.org/0000-0001-9485-7141
http://orcid.org/0000-0001-7632-1968
http://orcid.org/0000-0001-7632-1968
http://orcid.org/0000-0002-2615-6914
http://orcid.org/0000-0002-2615-6914
https://doi.org/10.1002/chem.202002743

Chemistry

Full Paper Europe
Chemistry—A European Journal doi.org/10.1002/chem.202002743 Socetes Publahing
and therefore is a good candidate for in-cell DEER measure- (o)
ments. 2% A DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10- ! ,\N = ﬁ"ﬁ
tetraacetic acid) based Gd" complex, functionalized with a mal- v HN=2 n &
eimide group, was successfully used for in-cell DEER on a pro- Nr-\m‘
tein, although a wide distance distribution was found, due to o..---:'"‘k_‘":NJ
the flexibility of the linker.”® Different strategies were applied “'é
+N=

to reduce the mobility of the tag. One is to employ tags with a
rigid attachment group or a rigid coordination ring.”’" Alter-
natively, the probe can be anchored via two arms to the pro-
tein.®?3¥ To date, no probes were reported that are equipped
with two arms using maleimide groups for attachment to
enable DEER measurements with high distance resolution in
vitro or in cells.

Here, we report the synthesis of three two-armed Gd" com-
plexes, CLaNP13a/b/c, as spin labels for EPR experiments that
are designed for use in an in-cell experiment. By 95 GHz DEER
we show that these labels are functional in Dictyostelium dis-
coideum cells. Narrow distance distributions are found and the
distances are in good agreement with distances derived from
paramagnetic NMR experiments.

Results
Design and synthesis of Gd"-CLaNP13

The caged lanthanoid NMR probe (Figure 1A, CLaNP5) is a
well-studied two-armed Ln" probe for paramagnetic NMR
spectroscopy on proteins. The cyclen based molecule is
equipped with two pyridine N-oxide coordination arms that
reduce the arm rotation (Figure 1).5%3¥ Using CLaNP5 as a
building block, Gd-CLaNP13 was designed, in which the arms
for protein attachment were functionalized with maleimide
groups. The length of the linker was varied from two to four
methylene groups (Figure 1). Maleimide can readily and specifi-
cally react with the thiol group of a cysteine side chain, form-
ing a carbon-sulfur bond, which is not prone to reduction.”®
Following the synthesis route of CLaNP5, the tetra-N-alkylated
compound 3 was obtained with good yield (see the Support-
ing Information, Scheme S1). The carboxy groups were cou-
pled to amino alkanes of different lengths, carrying the malei-
mide groups, to afford 4, which tightly chelates Gd", giving
CLaNP13.

Protein labeling and paramagnetic NMR studies

A "N-enriched variant of T4 lysozyme (T4Lys) with the substitu-
tions K147C/T151C was used to determine optimal conditions
for protein labeling on the basis of LC-MS and NMR results. Ex-
tensive LC-MS analysis of the three probes attached to K147C/
T151C T4L confirmed quantitative double labeling (for details,
see the Supporting Information, Figure S1 and Table S1). Para-
magnetic NMR spectra also provide evidence for complete la-
beling. An overlay of 'H-""N HSQC spectra of CLaNP13 loaded
with Lu" or Gd" shows that in the spectrum of the latter
sample some peaks completely disappear, such as the resonan-
ces of the amides of 1100, S117 and L121, due to strong para-
magnetic relaxation broadening (Figure S2). If untagged pro-
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Ln-CLaNP13a, n=1
Ln-CLaNP13b, n=2
Ln-CLaNP13c, n=3

Figure 1. CLaNP13 and T4Lys as model protein. a) Structures of Ln"-CLaNP5
and Ln"-CLaNP13. b) Model of the structure of T4lys based on PDB en-

try 3dke™” with two Cys pairs for the attachment of two probes. The posi-
tions of the metal ions are based on PCS analysis using Yb"-CLaNP5 as a
paramagnetic probe. The backbone is drawn in ribbon representation. The
Cys residues used for attachment have been modeled into the structure and
are shown as sticks. The metal ions are shown as yellow spheres.

tein were present, residual intensities would be expected. °N-
enriched T4lys K147C/T151C was also tagged with Yb" loaded
CLaNP13 to generate pseudocontact shifts (PCS). As expected,
in the "H-">"N HSQC spectra more than one set of PCS was ob-
served for many amide groups (Figure S2). The PCS is depen-
dent on the position of the nucleus within the frame of the
tensor that describes the anisotropic components of the mag-
netic susceptibility (Ay tensor). The reaction of the maleimide
functionalities with protein generates stereoisomers, and thus,
the probe can bind in slightly different ways to the protein,
causing the lanthanoid cage to be in different orientations, re-
sulting in multiple PCS. However, it is expected that the differ-
ent forms have the metal ion in almost the same position, so
the effect of having different forms on the DEER distance
measurements is expected to be small. To estimate the metal
positions relative to the T4lys protein structure, '°N-enriched
T4lys K149C/T151C and T4Lys N55C/V57C were tagged with
Yb"- or Lu"-CLaNP5 and PCS were determined by 'H-">N HSQC
(Figure 2 (detail), Figure S3 (full spectra)). In both cases, a
single set of PCS was found and the PCS fitted well to Equa-
tion S1, yielding the Ay tensor principal values and orienta-
tions as well as the metal-ion positions (Table S2, Figure S4 and
Figure 1). The magnitudes of the Ay, tensor components
differ between the two variants. The value for T4Lys N55C/
V57C is somewhat lower than the one usually obtained (8.5x
10732 m?).5*3% The two cysteine residues are located in a loop,

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. Details of overlaid 'H-""N HSQC spectra of Yb" and Lu" loaded
CLaNP5 attached to T4Lys N55C/V57C (a) and T4Lys K147C/T151C (b). Sever-
al PCS are indicated with solid lines and residue numbers. The NMR spectra
were recorded at 14.1 T (600 MHz). The full spectra are shown in Figure S3.

so the reduced Ay, value could point to some flexibility of the
probe due to loop motions. The Ay is very sensitive to motion,
so the amplitude of the motion is expected to be small, com-
pared to, for example, a single-armed probe.*? The Ay, for
the other variant, T4lys K149C/T151C, is large, suggesting the
probe is rigid relative to the protein. The metal ion positions
were combined in a model shown in Figure 1b, yielding a dis-
tance of 44 A between the two lanthanoid ions.

EPR experiments

For the EPR experiments, the quadruple cysteine mutant T4Lys
N55C/V57C/K147C/T151C was labeled with Gd"-CLaNP13, var-
iants a, b, or c (Figure 1a). The resulting constructs are referred
to as Gd13iT4L with i: a, b, c. The LC-MS results showed that
the samples were labeled with two probes and the labeling ef-
ficiency was more than 95% (Figure S5 and Table S1). In the
following we will describe the experimental results. We refer to
investigations of the protein constructs in buffer as “in vitro”.

The echo detected EPR spectrum of the Gd13bT4L is shown
as an inset in Figure 3a and Figure S7. All three constructs
have similar spectra. Specifically, they consist of a central
narrow line due to the m,=—'/,«» +'/, transition that is super-
imposed on a broad background due to all other transitions.
The widths of the central transitions for the different tags are
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Figure 3. DEER data of Gd13aT4L, Gd13bT4L, Gd13cT4L. a) Background cor-
rected DEER traces. Traces are shifted vertically for clarity. Measurements
were performed at 10 K for 6 to 12 hours. Red lines: fits obtained with the
distance distributions shown in (b) obtained after Tikhonov regularization
(a=100). Peaks marked with an asterisk do not contribute significantly to
the data, as determined by the DeerAnalysis suppression tool.“®’ Inset:

95 GHz field-swept electron-spin echo spectrum (FSESE) of the central transi-
tion region, position of the pump and observer frequencies are shown.

Table 1. Properties of the Gd ion in Gd13iT4L (i=a,b,c) derived from EPR
and DEER. Given are the full-width at half maximum (FWHM) of the cen-
tral line of the field-swept electron-spin echo spectrum (FSESE), the
maxima of the distance distributions (d.d.) and the FWHM of the distance
distributions obtained with Tikhonov regularization (a=100). Errors of
d.d. derived from DeerAnalysis validation (see the Supporting Informa-
tion).

Sample Width EPR m,+1/2 trans.”’  Distance Width d.d. @
[MHz] [nm] [nm]
Gd13aT4L 14442 4.4140.11 0.7+0.2
Gd13bT4L 113+4 4.54+0.09 0.4+0.2
Gd13cT4L 136 +2 4.514+0.04 0.5+0.3

[a] The full-width at half maximum (FWHM).

shown in Table 1, and it can be noticed that Gd13bT4L has the
narrowest central transition of the three.

Distance measurements

The DEER data of all three Gd13iT4L (i=a, b, ¢) constructs are
depicted in Figure 3. The raw DEER data are shown in Fig-
ure S8, the validation in Figure S11. The distances obtained for
all constructs are close to 4.5 nm (Table 1). The distances be-
tween the two Gd" ions in Gd13bT4L and Gd13cT4L agree

© 2020 The Authors. Published by Wiley-VCH GmbH
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within the experimental uncertainty. The distance in Gd13aT4L
is shorter by 0.1 nm; however, given the experimentally deter-
mined errors, see the Supporting Information, this difference
cannot be considered significant. The recently developed
methodology to analyze DEER distance distributions by statis-
tics methods could be applied here.”3®

The modulation depth, in the order of 2%, is typical for
95 GHz DEER on Gd" samples: usually depths between 2%
and 5% are observed."**¥ The stability of the label in more
complex environmental conditions was checked by incubating
Gd13iTA4L in Escherichia coli lysate for a total time of 18 hours.
The DEER traces are similar and the distance distributions are
identical within the noise to the in vitro samples (see Fig-
ure S9). No systematic decay of the modulation depth was ob-
served over the period of 18 hours. Since the uncertainty in
the modulation depth is in the order of 25%, we cannot ex-
clude that a decay in that order occurs over time, even though
we do not find systematic changes in modulation depth.

In-cell DEER

To investigate whether the label is stable in the cell, we mea-
sured DEER of Gd13bTA4L in Dictyostelium discoideum (D. discoi-
deum) cells. The in-cell sample was prepared as described in
Materials and Methods (see the Supporting Information). Fluo-
rescence microscopy on an ATTO-647-maleimide tagged T4Llys
K147C/T151C variant shows that the protein enters the cells,
and that protein outside the cell was efficiently removed by
washing with PBS buffer. The bright fluorescent spots observed
within the cell indicate that the protein is likely to be con-
tained within vesicles such as endosomes. The DEER traces in
Figure 4, therefore, result from Gd13bT4L incorporated into
the cells. Cells thawed after the DEER experiments were shown
to be viable by live-cell microscopy (see the Supporting Infor-
mation).

The trace in Figure 4a has a clear DEER modulation, with a
minimum at 0.6 us, which is also visible in the raw data (Fig-
ure S8d). The DEER trace of Gd13bTA4L in the cell was mea-
sured with a shorter evolution time (Figure 4a) than that of
the in vitro samples (Figure 3), to obtain sufficient signal, that
is, to compensate for the lower protein concentration of the in
cell sample. Therefore, in Figure 4, the DEER time trace of the
in vitro sample is truncated to the same total evolution time
as the in cell sample to serve as a valid reference. The superpo-
sition of the resulting distance distributions (Figure 4b) shows
that the distance traces are close to each other. The validation
of the distance distribution reveals that the distance distribu-
tion of the in vitro data (Figure 4b) falls within the confidence
range of the in cell data (Figure S11d).

As a consequence of the shorter evolution time of the in cell
DEER experiments, the parameters of the distance distribution,
that is, the distance and the width of the distribution, have a
higher uncertainty than those of the longer evolution time
used for the in vitro samples. This is taken into account in the
validation procedure, which shows a larger uncertainty of the
shorter time-trace data (cf. Figure S11d and b).
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Figure 4. The DEER trace of the protein in Dictyostelium discoideum (D. dis-
coideum) cells for Gd-CLaNP13bT4L (blue). Reference (black): in vitro trace of
Gd-CLaNP13bT4L, truncated to the total evolution time of the in cell data
(1356 ns). a) Background corrected DEER traces. Red lines: fits obtained with
the distance distributions shown in b) obtained by Tikhonov regularization
(a=100). The difference in the distance distributions shown in (b) is not sig-
nificant (see result of DEER validation Figure S11d).

The visible modulation of the in cell DEER (Figure 4a) is con-
sistent with a folded state of the protein in the cell, which is
also in agreement with the similarity in the widths of the dis-
tance distributions (Figure 4b) of in vitro and in cell experi-
ments. The presence of visible modulation and the modulation
depth shows that the majority of the protein is coupled to two
Gd-ions, and that their distance is as expected from the in
vitro reference data. Further DEER experiments on Gd13bT4L
in D. discoideum cell lysate and medium (for details, see the
Supporting Information) and in E. coli cell lysates (see Figures
S9 and S10) confirmed the stability of the label over time and,
by virtue of the absence of changes in the widths of the distri-
butions, the label attachment.

Discussion

Here, we report the synthesis of double-armed, rigid CLaNP
tags linked by maleimide linkers to a protein to generate a
Gd" spin label that is stable under in-cell conditions. Having
two arms and a rigid CLaNP design should further improve the
accuracy of DEER distance measurements. Three tags were ob-
tained, Gd-CLaNP13a,b,c, which were synthesized in good
yields and had high labeling efficiencies when attached to the
protein T4L. All tags show clear DEER modulations with the ex-
pected modulation depth, confirming the reliable double label-
ing of the protein, inferred from mass spectrometry. Partial la-
beling by only one tag/protein would reduce the modulation

© 2020 The Authors. Published by Wiley-VCH GmbH
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depth, tags attached by only one arm should lead to broader
DEER distance distributions and less pronounced modulation,
neither of which is observed to any significant degree. Both
the DEER time traces and distance distributions are similar for
the three Gd13iT4L (i=a, b, ) tags (Figure 3). All distances
(Table 1) agree well with the distance of 4.4 nm inferred from
paramagnetic NMR data using the CLaNP-5 probes as mimics
of CLaNP-13 (see Figure 1a and Results Section). Considering
that for the three linkers Gd13iT4L from i=a to ¢, one methy-
lene group is added per linker arm, the differences in distances
for the three linkers are small, and the distances do not in-
crease commensurate with linker length increase. This sug-
gests that the linkers take on particular conformations, or that
Gd" interactions with the protein surface could differ for the
three linkers, leading to distances that do not increase monot-
onously with the linker length. The width of the distance distri-
bution, albeit small, is not exceptionally small considering the
results of Gd" DEER experiments performed on proteins with
singly linked probes,>?3%% and certainly does not reach the
record narrowness observed in a Cu" based construct" Per-
haps part of the width of the distribution observed in the pres-
ent study is due to a distribution of conformations of the pro-
tein loop to which the Gd" ion is attached at residues 55 and
57. The smaller Ay values for the CLaNP5-Yb at that position
(see Results Section) could hint in this direction.

Having thus established that the constructs show the ex-
pected properties in vitro, we proceeded to study their resist-
ance to cellular environments. In E. coli lysate, over a period of
18 h, no deterioration was detected within experimental limits,
placing an upper limit of any possible decay at 25% (see the
Supporting Information), a value that is largely determined by
the experimental uncertainty. Prompted by the stability of the
tags both in vitro and in E. coli lysate, in cell measurements
were performed with Gd13bT4L. Dictyostelium discoideum was
selected, because it is known for its high uptake of extracellu-
lar components.*? The uptake was verified by fluorescence mi-
croscopy (see the Results Section and Supporting Information).
The protein appears to be concentrated inside small vesicles,
and there the estimated concentration is around 5 um. The
cells were shown to be viable after the DEER experiments (see
the Supporting Information). The DEER results of Gd13bT4L in
cells are promising: The modulation depth of 1.5% is smaller
than observed in vitro and in E. coli lysate, but the difference is
close to the error margins of the data (Figure 4a). We attribute
the lower signal-to-noise ratio of the DEER trace of Gd13bT4L
in the D. discoideum cells (Figure 4a) to the lower protein con-
centration and the 40% shorter accumulation time compared
to in vitro experiments. The distance distribution (Figure 4b)
has a width that is similar to that of Gd13bT4L in vitro. The
similarity of the distance and the width of the distribution is a
good indicator that also in the cell the protein has a well-de-
fined structure, and that the spin label remains bound, for
more detail, see the Results Section. The lower concentration
of the protein inside the cell required a shorter DEER evolution
time, which, at a given distance between the paramagnetic
centers probed, makes the distance-distribution parameters
less reliable. Therefore, the in cell data is not sufficiently accu-
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rate to draw conclusions about details of the conformation of
the protein in the cells. From FRET and other experiments, it is
known that T4Lyzozyme can undergo conformational transi-
tions that result in distance changes in the order of 0.5 nm, de-
pending on the state of the protein.”**¥ Ultimately, in cell ex-
periments are designed to detect such changes® and the
design of suitable labels, as performed in the present study, is
a necessary step towards this goal.

The present set of experiments shows that the linker synthe-
sized is very well suited to perform its task, and that in cell
measurements are feasible. After further optimization of meth-
ods to introduce the protein into the cells, the in cell concen-
trations should be sufficient to detect changes of the protein
conformation as a function of the cell state.

Conclusion

Double maleimide groups were introduced to link lanthanide
ions to the protein via two C—S bonds, resulting in a link that
is fully stable under cellular conditions. The two-cysteine muta-
tions required to attach the label to the proteins can be de-
signed by modeling and were shown not to interfere with pro-
tein structure and performance in many cases. Therefore, the
labels presented here should be applicable universally, en-
abling in cell measurements in a multitude of contexts. The
double arm design has proven in the past to immobilize the
spin label, promising distance distributions that reflect protein
conformation faithfully. The Gd"-CLaNP13a,b,c are promising
new candidates for in-cell Gd" DEER experiments and should
be suitable to detect in-cell protein conformational changes
and domain motions."**%
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