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ABSTRACT: Distance measurement in the nanometer range by electron
paramagnetic resonance spectroscopy (EPR) in combination with site-directed
spin labeling is a very powerful tool to monitor the structure and dynamics of
biomacromolecules in their natural environment. However, in-cell application is
hampered by the short lifetime of the commonly used nitroxide spin labels in the
reducing milieu inside a cell. Here, we demonstrate that the Gd(III) based spin
label Gd-PyMTA is suitable for in-cell EPR. Gd-PyMTA turned out to be cell
compatible and was proven to be inert in in-cell extracts of Xenopus laevis oocytes
at 18 °C for more than 24 h. The proline rich peptide H-AP10CP10CP10-NH2 was
site-directedly spin labeled with Gd-PyMTA at both cysteine moieties. The
resulting peptide, H-AP10C(Gd-PyMTA)P10C(Gd-PyMTA)P10-NH2, as well as
the model compound Gd-spacer-Gd, which consists of a spacer of well-known
stiffness, were microinjected into Xenopus laevis oocytes, and the Gd(III)−
Gd(III) distances were determined by double electron−electron resonance (DEER) spectroscopy. To analyze the intracellular
peptide conformation, a rotamer library was set up to take the conformational flexibility of the tether between the Gd(III) ion
and the Cα of the cysteine moiety into account. The results suggest that the spin labeled peptide H-AP10C(Gd-
PyMTA)P10C(Gd-PyMTA)P10-NH2 is inserted into cell membranes, coinciding with a conformational change of the
oligoproline from a PPII into a PPI helix.

■ INTRODUCTION

The determination of structure and dynamics of biomacromo-
lecules such as proteins in their natural environment by
intracellular spectroscopy is crucial for understanding their
function.1−11 A very powerful tool to gain information on
structure and dynamics of biomolecules in vitro12−14 is a
particular technique in electron paramagnetic resonance (EPR)
spectroscopy: the four-pulse DEER (double-electron−electron-
resonance) measurement, which yields precise distances and
distance distributions in the nanometer range.15−20 To apply
this technique, two paramagnetic labels, so-called spin labels,
are attached at selected sites of the biomolecule (site-directed
spin labeling, SDSL) and the dipolar coupling between the two
paramagnetic centers is measured.13,16,21−32 The dipolar
coupling is inversely proportional to the cube of the distance
and thus contains structural information.33,34 Unfortunately, in-
cell application35−39 is so far very limited because the
nitroxides, the commonly used spin labels, are converted rather
rapidly into diamagnetic, and therefore EPR silent, hydroxyl-
amines when exposed to the reductive environment inside a
cell.37,40 Shock-freezing of the sample, as usually applied for the
DEER measurement, inhibits spin label reduction. Never-
theless, the spin labels are exposed to the reductive conditions
at physiological temperature during the time span (incubation

time) that is needed by the biomacromolecule to attain its
native shape, which may take hours.41,42

A recent addition to the set of spin labels are complexes of
gadolinium in the oxidation state +3. Gd(III) complexes are
also used as contrast agents for magnetic resonance imaging
(MRI),43 and a multitude of bioconjugated Gd(III) complexes
are known to choose from.43−46 They offer several advantages
in comparison to nitroxides, e.g. the absence of orientation
selection, enabling accurate DEER distance measurements at
high fields/frequencies, higher transition moments owing to the
high spin system of S = 7/2, fast shot repetition rates at lower
temperatures due to the short longitudinal relaxation time (T1),
and, additionally, broadening of the type of EPR techni-
ques.47,48 Goldfarb and Raitsimring et al. demonstrated their
usability for DEER on several model systems, proteins,
peptides, and DNA in in vitro experiments; albeit, the details
of how to extract the distance distribution from the
experimentally determined dipolar coupling still awaits an in-
depth understanding.48−53 During the review process for this
article, an article appeared by Martorana et al. on in-cell DEER
studies of Gd(III) labeled ubiquitin.54
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Gd(III) complexes also caught our interest because we
expected the Gd(III) ion to withstand the reducing conditions
inside a cell. Although Gd(III) is highly toxic, its toxicity is
significantly reduced upon complexation.43,55−57 Indeed, as
shown below, experiments proved the complex Gd-PyMTA58

to be inert in the cell extract of Xenopus laevis oocytes for at
least 24 h at 18 °C and the morphology of Xenopus laevis
oocytes that had been loaded with Gd-PyMTA labeled
molecules to stay unchanged for at least 3 h at 18 °C. To
further explore the applicability of Gd(III) complexes for in-cell
DEER measurements, the proline rich peptide H-
AP10CP10CP10-NH2 (peptide 7) was labeled with the Gd(III)
complex Gd-PyMTA, using the two thiol groups of the peptide
as covalent anchors and the decaproline segment as a spacer.
Due to its stiffness, polyproline is a commonly used peptide for
the test of distance determination methods.59,60 The spin
labeled peptide H-AP10C(Gd-PyMTA)P10C(Gd-PyMTA)P10-
NH2 (peptide 9) was microinjected into Xenopus laevis oocytes.
Subsequent DEER experiments demonstrated that Gd-PyMTA
is well suited for in-cell application. Corresponding experiments
with Gd-spacer-Gd (10), a model compound featuring two Gd-
PyMTA moieties separated by a rodlike spacer, showed that
accurate in-cell EPR distance measurements are possible in the
presence of endogenous paramagnetic centers in the cell, in
particular Mn(II) species.
The tether between the Gd(III) ion and the Cα of the

cysteine moiety in peptide 9 was kept as short as possible
approximately 12 Åto facilitate the interpretation of distance
measurements. Nevertheless, its conformational flexibility
affects the experimentally determined distance distribution.
To account for this influence, a rotamer library61 for the
PyMTA-label was generated.
We applied the Gd(III)-label based in-cell EPR approach to

study the conformation of a proline rich peptide in cellula. Our
data suggest that this peptide is partially localized in
membranes and undergoes a conformational transition from a
polyproline helix type II (PPII) into a type I helix (PPI) inside
the oocyte. This process occurs on a time scale between
minutes and hours, making the long time stability of the spin
labels as offered by Gd-PyMTA inevitable for monitoring the
conformational change by in-cell EPR. The fact that this PPII to
PPI transition is found only under in vivo conditions but not in
cell extract offers explicit motivation for in vivo studies.
The paper presents our exploration of Gd-PyMTA as a spin

label for in-cell EPR. It is organized as follows. In the first part,
the synthesis of the ligand 4-vinyl-PyMTA and of its Gd(III)
complex, studies on the selectivity of 4-vinyl-PyMTA for
cysteine, the resistance of the Gd-PyMTA complex against
reduction in cell extract, and the spin labeling of peptide H-
AP10CP10CP10-NH2 (peptide 7) to obtain H-AP10C(Gd-
PyMTA)P10C(Gd-PyMTA)P10-NH2 (peptide 9) are presented.
In the second part, the results of Q-band DEER measurements
of Gd-spacer-Gd (10) and of peptide 9 in deuterated aqueous
solution as well as inside Xenopus laevis oocytes are presented
together with rotamer library based simulations of the distance
distributions indicating a cell membrane induced PPII to PPI
transition.

■ RESULTS AND DISCUSSION
Synthesis. The most common spin-labeling strategy for

proteins uses cysteine substitution mutagenesis in combination
with a spin label that selectively forms a covalent bond with the
thiol group of the cysteine moiety.13,62,63· To make the

application of Gd(III) complexes fitting to this standard and
widely used site-directed labeling protocol, we selected the 4-
vinyl-PyMTA (3)64 for attaching the Gd(III) to the peptide. 4-
Vinyl-PyMTA (3) was recently introduced by Yang et al. as a
tag in site-specific labeling of proteins with lanthanides for
structure analysis with NMR-spectroscopic experiments.64

PyMTA forms highly stable complexes with Gd(III) (log K
∼ 19).58,65 The Michael addition of the thiol group of the
cysteine residue to the vinyl group of the 4-vinyl-PyMTA (3)
results in a thioether linkage that we expected to be stable in
the cellular environment.

Synthesis of 4-vinyl-PyMTA (3) and Gd-4-vinyl-PyMTA
(4). Yang et al. obtained 4-vinyl-PyMTA (3) through a Hiyama
coupling between 4-bromo-PyMTA tetraethyl ester and
triethoxyvinylsilane, subsequent ester hydrolysis, and finally
protonation using a proton-exchange resin.64 We have prepared
4-vinyl-PyMTA (3) starting from 4-iodo-PyMTA tetraethyl
ester (1) and using a Molander type Suzuki coupling with
potassium vinyltrifluoroborate66 (Scheme 1), giving 4-vinyl-
PyMTA tetraethyl ester (2). Compared to the Hiyama
coupling, the Molander type Suzuki coupling gave a
significantly higher yield (82% vs 52%). Ester hydrolysis
following the protocol of Yang et al.64 provided us with 4-vinyl-
PyMTA (3).
The 4-vinyl-PyMTA (3) made on this route contains about 2

mol % of an unidentified organic compound (Figure S10,b)
and, as indicated by the elemental analysis, about 10 wt % of
inorganic matter. The latter suggests that ion exchange was
incomplete (for details see Supporting Information). The
organic bycomponent was contained in the material made by
Yang et al. as well (see Figures 2 and S1 in ref 64). Neither the
organic bycomponent nor the inorganic matter interfere with
the labeling reaction, as shown below. Notably, our 1H NMR
spectroscopic data of 4-vinyl-PyMTA ester 2 and 4-vinyl-
PyMTA (3) deviate substantially from the data reported by
Yang.64 No further NMR data have been published. All our
NMR data (13C NMR data and 2D NMR data) as well as mass
spectrometric data and the elemental analysis of 4-vinyl-
PyMTA ester 2 are in agreement with the structural formulas
shown in Scheme 1.
Addition of GdCl3 to 4-vinyl-PyMTA (3) in water and

subsequently raising the pH to 7.2 through the addition of
aqueous NaOH gave the complex Gd-4-vinyl-PyMTA (4). This
complex was used to test the stability of Gd-PyMTA toward the
reducing conditions of the cell environment. Please note that it
is of importance to first mix GdCl3 and 4-vinyl-PyMTA (3) in
water before adding the aqueous NaOH. Otherwise, the
Gd(III) precipitates as Gd(OH)3.

Selectivity of 4-vinyl-PyMTA toward amino acids. For
the use of 4-vinyl-PyMTA (3) as a spin label for proteins, the
selectivity for cysteine is of utmost importance. Yang et al.
reported tests on the reactivity of cysteine, methionine, and
lysine in a phosphate buffer at pH 7.5 and at room temperature
using an excess (3−10 equiv) of the amino acids.64 The
reaction with cysteine was complete within 6 h, and no reaction
was detected with lysine and methionine within 24 h. We
studied the reaction rate of 4-vinyl-PyMTA (3) with cysteine,
alanine, lysine, histidine, arginine, and proline in Tris-HCl
buffer [H2NC(CH2OH)3-HCl buffer] at pH 7.8 (Table 1,
Figure S2−S7) at 25 °C and at 40 °C. 4-Vinyl-PyMTA (3) is
stable under these conditions for at least 144 h (Table 1, entries
1 and 11). The molar ratios of the amino acid and 4-vinyl-
PyMTA (3) were 1:1. Cysteine reacted quickly at room
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temperature (Table 1, entries 2−5). The conversion came close
to 90% within 6 h and was found to be quantitative after 24 h.
We have no data between 6 and 24 h. At 40 °C, 6 h was
sufficient to achieve nearly complete labeling (96%) of cysteine
(Table 1, entries 12−15). Alanine did not react with 4-vinyl-
PyMTA (3) at room temperature and only extremely slowly at
40 °C (Table 1, entries 6 and 16), indicating that the NH2-
group at the end of a protein is almost inert. The amino acids
lysine, histidine, arginine, and proline reacted with an increasing
rate in this order, but only very slowly at 25 °C (Table 1,
entries 7−10). The conversions were around 1−2% after 144 h.
At 40 °C the conversion ranged from 3 to 6% for a reaction
time of 144 h (Table 1, entries 17−20). The experiments prove
the high selectivity of 4-vinyl-PyMTA (3) for cysteine.
However, other amino acids are not completely inert toward
4-vinyl-PyMTA (3), a finding that needs to be kept in mind if
the cysteine residues of a protein are not easily accessible and
therefore a long reaction time or a temperature above room
temperature is needed. Another important result of these

studies is that the unidentified organic component accompany-
ing 4-vinyl-PyMTA (3) did not react. This was deduced from
the 1H NMR spectra which show that the relative intensity of
the signal of this bycomponent stayed constant (Figures S2−
S7).

Stability of Gd-4-vinyl-PyMTA (4) in cell extract. The
stability of Gd-4-vinyl-PyMTA (4) in cell extract (Xenopus
cytostatic factor arrested, CSF) was tested through monitoring
Gd-4-vinyl-PyMTA (4) with X-band cw-EPR spectroscopy at
18 °C (Figure 1). The shape and intensity of the EPR signal
remained constant for more than 24 h, indicating that the
complex is stable and no release of Gd out of the complex can
be observed. In contrast, the signal intensity of 3-(carboxy)-

Scheme 1. Synthesis of 4-Vinyl-PyMTA (3) through a
Molander Type Suzuki Coupling and the Formation of Gd-
4-vinyl-PyMTA (4)

Table 1. Reaction of 4-Vinyl-PyMTA (3) with Amino Acidsa

entry

4-vinyl-
PyMTA (3)
[μmol]

amino
acid [μmol]

T
[°C] t [h]

conversion of
4-vinyl-PyMTA

(3)

1 28.0 25 144 0%
2 27.8 L-cysteine 28.1 25 2 69%
3 27.8 L-cysteine 28.1 25 4 81%
4 27.8 L-cysteine 28.1 25 6 87%
5 27.8 L-cysteine 28.1 25 24 100%
6 28.4 L-alanine 31.4 25 240 0%
7 27.5 L-lysine 27.4 25 144 1.1%
8 27.4 L-histidine 27.1 25 144 1.3%
9 28.0 L-arginine 28.0 25 144 1.6%
10 28.0 L-proline 27.8 25 144 1.9%
11 28.0 40 144 0%
12 28.0 L-cysteine 28.0 40 2 84%
13 28.0 L-cysteine 28.0 40 4 94%
14 28.0 L-cysteine 28.0 40 6 96%
15 28.0 L-cysteine 28.0 40 24 100%
16 28.4 L-alanine 31.4 40 144 1.1%
17 27.2 L-lysine 27.1 40 144 3.2%
18 27.0 L-histidine 26.7 40 144 3.6%
19 27.6 L-arginine 27.6 40 144 3.9%
20 27.5 L-proline 27.3 40 144 5.3%

aIn NMR tubes the amino acid and 4-vinyl-PyMTA (3) were dissolved
in Tris-HCl buffer (pH 8.0, 0.05 M, 0.6 mL) and the pH of the
solution was adjusted to 7.8 through the addition of Tris or HCl. The
conversion of 4-vinyl-PyMTA (3) was followed by 1H NMR
spectroscopy using water-suppression by a presaturation technique.67

The signal of Tris was used as an internal standard with δ = 3.52 ppm
(For 1H NMR spectra see Figures S2−S7).

Figure 1. Time-dependent EPR signal intensity of Gd-4-vinyl-PyMTA
(4) (black stars) and 3-carboxy-PROXYL (gray dots) in a cell extract
of Xenopus laevis oocytes (1:3) at 18 °C (start: 500 μM
concentration).
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2,2,5,5-tetramethyl-1-pyrrolidinyloxy (3-carboxy-PROXYL), a
model for the commonly used nitroxide labels, decayed with a
half-life time of 85 min at 18 °C (Figure 1). Thereby, the
spectral shape remained unchanged, indicating that the
reduction of the nitroxide was effective under the applied
conditions.
Labeling of the peptide H-AP10CP10CP10-NH2 (peptide

7). To test the applicability of Gd-PyMTA as a spin label for in-
cell application, we spin labeled a peptide with the sequence H-
AP10CP10CP10-NH2 (peptide 7). As shown in Table 1, the
amino group of proline reacts slowly with 4-vinyl-PyMTA (3)
at 40 °C, whereas alanine is essentially inert under these
conditions. Suitably, the N-terminal amino acid of peptide 7 is
alanine.
In site-directed labeling, it is common to apply a reducing

agent for disulfides, e.g. tris(2-carboxyethyl)phosphine
(TCEP).68,69 This agent has been applied by Yang et al.
when labeling a protein with 4-vinyl-PyMTA (3).64 We found
that under the labeling conditions (pH 7.8, Tris-HCl buffer,
room temperature) TCEP reacts fast and quantitatively with 4-
vinyl-PyMTA (3), forming the TCEP adduct 5 (Figure S1,b). A
competition reaction between equal molar amounts of TCEP
and cysteine for 4-vinyl-PyMTA (3) at pH 7.8 and room
temperature gave a 57:43 mixture of TCEP adduct 5 and
cysteine adduct 6 (Scheme 2, Figure S1,c). Obviously, TCEP
competes efficiently with cysteine for 4-vinyl-PyMTA (3).
Therefore, when needing a reducing agent, the amount of
TCEP should be kept to a minimum.

Peptide 7, H-AP10CP10CP10-NH2, was labeled with Gd-
PyMTA in two steps: (1) attachment of the ligand and (2)
complexation of Gd(III) ions (Scheme 3). The ligand
attachment was performed under argon to avoid the formation
of disulfide and thus the need for TCEP or other reducing
agents that compete with cysteine for the ligand. The progress
of the ligand attachment was followed by HPLC-MS. It was
surprisingly slow. Even at 40 °C, it took about 80 h to come to
completion. That the reaction of a cysteine being part of a
protein with 4-vinyl-PyMTA (3) is slower than that of cysteine
was also found by Yang et al. However, the peptide 7 reacted
even much more slowly than the protein used in the study of

Yang et al., who report the reaction to be quantitative within 24
h at room temperature and pH 7.8.64

The ligand carrying peptide 8 was isolated by HPLC and
loaded with two Gd(III) ions to obtain spin labeled peptide 9,
H-AP10C(Gd-PyMTA)P10C(Gd-PyMTA)P10-NH2.

Endogenous paramagnetic species in Xenopus laevis
oocytes. Intracellular distance measurements of nitroxide
labeled DNA and proteins have been performed by DEER after
microinjection into Xenopus laevis oocytes.35−39 Microinjection
of Xenopus laevis has been established as a standard protocol for
in-cell EPR, whereby the sample solution is injected into the
relatively large oocytes (approximately 1 mm in diameter)
followed by shock-freezing after the desired incubation
time.35,37,40,70 The EPR spectrum of untreated oocytes (Figure
2) consists of a characteristic signal of six lines of an
endogenous Mn(II) species and of a signal featuring one
EPR line of endogenous radicals at B = 12130 G.71 Spectral
simulations revealed an effective spin concentration of
approximately 10 μM Mn(II) inside the cell (Figure S14). An
Mn(II)-DEER experiment shows that the experimental data
can be described by a homogeneous three-dimensional
distribution of Mn(II) species inside the cell (Figure S15).
Hence, the Mn(II) signal should not affect experimentally
obtained distance distributions in cellula; however, the
modulation depth and, as a result, signal-to-noise ratio (SNR)

Scheme 2. Competition of TCEP and Cysteine (1:1 ratio)
for 4-Vinyl-PyMTA (3) in an Aqueous Solution at pH 7.8
(Tris-HCl buffer) and Room Temperature, Revealing That
TCEP Reacts with 4-Vinyl-PyMTA Even a Little Faster than
Cysteine

Scheme 3. Site-Directed Spin Labeling of Peptide 7
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of the dipolar evolution curves will be reduced as the Mn(II)
contributes to the background of the DEER measurement.
Model system Gd-spacer-Gd (10). In order to prove that

accurate distance measurements in cellula are possible in spite
of the endogenous paramagnetic species, we employed a model
containing two Gd(III)-PyMTA complexes held at a distance of
about 3.1 nm (Gd−Gd distance) by a rodlike spacer. The
stiffness of the spacer is limited but well-known,20,33 and this
type of spacer has been extensively used in methodological
studies of EPR distance measurements.20,33,50 For this study,
branched oligo(ethylene glycol) substituents were attached to
the spacer in order to obtain a water-soluble compound.
Figure 2 shows the echo-detected field sweep of Gd-spacer-

Gd (10) in D2O (30 vol % glycerin-d8) at Q-band (34 GHz; T

= 10 K). The broad spectrum originates from the entity of all
spin transitions and contains the central transition (S = −1/2
→ +1/2).50

Q-band (34 GHz) DEER measurements of Gd-spacer-Gd
(10) in D2O (30 vol % glycerin-d8) were carried out at T = 10
K. The experimental data and background corrected time trace
are shown in Figure 3. The modulation depth λ of 0.04 is, as
expected, taking the spectral width of the central transition and
the used pump pulse length of 16 ns into account.50 The
displayed fit originates from a model-free Tikhonov regulariza-
tion (for the choice of the α-parameter, see Figure S16). The
resulting distance distribution is shown in Figure 3. The mean
distance of 3 nm is in accordance with the Gd−Gd distance of
3.1 nm, which was estimated based on the length of the
individual bonds.20,33,50 The half width at half-maximum of 6.5
Å is larger than expected. For a structurally very similar
compoundthe same spacer but with nitroxide instead of Gd-
PyMTA as the spin labela distribution for the electron-to-
electron distance with a half width at half-maximum of only 1 Å
was determined.20,33 As pointed out by Goldfarb et al. for a
shorter homologue of Gd-spacer-Gd (10),50 the distance
distribution in the case of Gd-spacer-Gd (10) may partly be
due to a dislocation of the Gd(III) ion from the plane of the
pyridine ring caused by solvation and counterion effects. As a
result of this dislocation, the Gd−Gd connecting line no longer
coincides with the long axis of the spacer. Therefore, the free
rotation around the CC single bonds of the spacer backbone
permits conical rotation of the Gd(III) ions around the spacer
axis, thus giving rise to multiple distances despite the rather
stiff20,33 spacer backbone. Furthermore, due to a small D value
of the zero field splitting (ZFS), the weak coupling
approximation of the spin pair does not apply any longer.48

Therefore, frequencies will occur in the dipolar evolution curve,
which are not equal to the dipole−dipole interaction frequency
(ωdd) and lead to an artificial broadening of the extracted
distance distributions.48

In-cell EPR distance measurements of Gd-spacer-Gd
(10). Stage V/VI oocytes were visually checked and micro-
injected with 50 nL of 8 mM Gd-spacer-Gd (10) dissolved in
H2O. Carefully applied negative pressure was used to pull three
oocytes into the EPR test tube without harming the vitelline
membrane. The oocytes were kept for a specific time
(incubation time) at 18 °C, then shock-frozen, and stored at
−80 °C. During the incubation, the oocytes were visually
inspected under a binocular microscope. Their morphological
stability upon microinjection of the Gd-spacer-Gd (10)
solution amounts to at least 3 h of incubation at 18 °C
(Figure 4), whereas the microinjection of pure buffer (Tris-HCl
in D2O (pH 7.4)) results in an oocyte lifetime of 10−12 h. For
incubation times exceeding the above-mentioned, we observed
apoptotic cells, severe leakage, and complete disruption of the
membrane (Figure 4). Although the lifetime of oocytes loaded
with Gd-spacer-Gd (10) and the even longer lifetime of
Gd(III)-PyMTA in the cellular milieu would have allowed for
longer incubation times, we chose an incubation time of 1 h to
ensure that all cells in the sample were still intact.
Figure 2 shows the corresponding field sweep of Gd-spacer-

Gd (10) in cellula after 1 h of incubation at 18 °C. The received
spectrum is a superposition of the signal of Gd-spacer-Gd (10)
and the signal of untreated oocytes.
DEER measurements of Gd-spacer-Gd (10) inside Xenopus

laevis oocytes were performed at Q-band at T = 10 K. The local
Gd(III) concentration was determined by DEER to be 1250

Figure 2. Q-band two-pulse echo-detected field sweeps of untreated,
pulverized oocytes (dashed line) and of the water-soluble Gd-spacer-
Gd (10) in D2O (30 vol % glycerin-d8) (black dots) and inside
Xenopus laevis oocytes (circles) (τ = 400 ns, 10 K). Arrows indicate
positions of pump and observer pulses of the corresponding DEER
experiment (Δυ = 150 MHz).
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μM.72 This concentration differs from the effective concen-
tration of 210 μM, as was determined from the field sweeps.
The difference cannot be explained by the partial filling of the
sample tube, only. Therefore, an inhomogeneous distribution of
the Gd-spacer-Gd (10) inside the cell is assumed (see Table
S1). The endogenous cellular EPR signal at the observer
frequency and the larger width of the Gd(III) spectrum in
cellula than in D2O leads to a lower modulation depth λ of 0.03
in the background corrected dipolar evolution curve in
comparison to the corresponding measurement in D2O (Figure
3). Taking these factors into account, a corrected modulation
depth λcorr of 3.7% was calculated, which is in good accordance
with the measured λ = 4% of Gd-spacer-Gd (10) in D2O
(Table S1), indicating that no significant fraction of Gd is
released from the complex. Furthermore, the transverse
relaxation time (T2) of the Gd(III) complex is reduced 3.4
times to 1.4 μs compared to T2 in D2O. Both effectsreduced
modulation depth as well as reduced transverse relaxation
timeresult in a worse signal-to-noise ratio of the dipolar
evolution curve and forced an overall shorter DEER evolution
time compared to the measurement in D2O. This 1.6 times
worse SNR compared to the DEER trace of Gd-spacer-Gd in

D2O is also reflected by the accuracy of the obtained distance
distribution shown in Figure 3. Although the estimated error of
the distance distribution is more distinct, the comparison with
the distance distribution received for Gd-spacer-Gd (10) in
D2O reveals strong similarity of the distance distributions in
D2O and in cellula, proving that accurate intracellular EPR
distance measurements using Gd-PyMTA are feasible.

EPR distance measurements on peptide 9. The high
content of proline in peptide 9 suggests that a polyproline helix
II (PPII) will be formed in aqueous solution, which is a left-
handed helix with an axial translation of 0.31 nm per residue.
The high conformational stability and rigidity of the PPII helix
in vitro has led to its repeated use as a molecular ruler in several
applications.59,60

The data obtained for peptide 9 in deuterated Tris-HCl
buffer (30 vol % glycerin-d8) fit well to this expectation. The
background corrected DEER curve of peptide is shown in
Figure 5 (raw data and field sweep, see Figures S17−S19),
featuring a modulation depth of λ = 0.024, which is lower than
expected from spectral shape and pulse lengths. Reduced
modulation depths for Gd(III) distance measurements have
already been observed.50

Figure 3. (a) Four-pulse DEER-traces of Gd-spacer-Gd (10) in D2O (30 vol % glycerin-d8) (black dots) and inside Xenopus laevis oocytes after 1 h
of incubation time (circles) recorded at Q-band (T = 10 K) and corresponding background fits (dashed lines), assuming a homogeneous 3D
distribution of molecules; (b) Background-corrected DEER curves of the corresponding experiments with Tikhonov regularization fit; observer
pulses 16/16/32 ns, pump pulse 16 ns, Δυ = 150 MHz, accumulation time 2 h (black dots, D2O) or 18 h (circles, in-cell); (c) Distance distributions
obtained via Tikhonov regularization of the corresponding DEER-traces of Gd-spacer-Gd (10) in D2O (30 vol % glycerin-d8) and (d) inside Xenopus
laevis oocytes (solid line). The error bars are the full variation of the probability of given distances obtained during the statistical analysis (see
Experimental Methods), whereas the dotted lines are upper/lower error estimations corresponding to the mean value ± two times the standard
deviation of the different Tikhonov fits.

Figure 4. From left to right: Micrographs of Xenopus laevis oocytes after incubation at T = 18 °C for 5 min, 1 h, 3 h, and 4 h after microinjection of
50 nL of an 8 mM solution of Gd-spacer-Gd (10) in H2O. Scale bar = 1 mm.
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Figure 5 shows the resulting distance distribution. Con-
tributions to this distance distribution below approximately 3
nm are nonsignificant, as indicated by the lower error
estimation placed at zero probability. The simulated distance
distribution (squares) has been obtained on the basis of a PPII
helical conformation (Figure 6) with the dihedral angles of ϕ =
−75°, ψ = 160°, and ω = 0° for all residues. The flexibility of
the tether between Gd(III) and the Cα of the cysteine moiety
was taken into account by a rotamer library approach, which
has been implemented in MMM2013.2.61 Briefly, the complex
geometry was optimized by density functional theory and the
conformational distribution of the label linker was determined

by Monte Carlo sampling with fixed bond lengths and angles,
considering only the torsion and nonbonding interaction
potentials of the universal force field (UFF).73 An ensemble
of 20,000 low-energy conformations was reduced by
hierarchical clustering to the 324 rotamers expected from
multiplicity of the torsion potentials. In computing of the
conformational distribution of the label attached to the PPII
helix, UFF nonbonding energy between label and peptide
atoms is considered. Even if it is possible and maybe even likely
that the cysteine residues will not adopt the same dihedral
angles as the proline residues, leading to kinks in the helical
structure at these specific residues, the model is featuring a
good approximation in the homogeneous proline region
between the two cysteine residues.74 Conformational un-
certainty at the cysteine residues is expected to have only a
weak influence on the distance of the two labels attached to the
cysteines; the additional proline residues before and after the
measured area are of use to design the molecular weight,
lipophilicity, and water solubility of such a 33-residues-long,
proline rich peptide. The simulation suggests that the width of
the distance distribution originates rather from the flexibility of
the spin label tether than from the (conformational) flexibility
of the peptide itself occurring in a single conformation.

Intracellular distance measurements on peptide 9.
Distance measurements of peptide 9 were performed inside
Xenopus laevis oocytes. The resulting DEER curve after
background correction and the resulting distance distribution
are shown in Figure 7 (for raw data and field sweep, see Figure
S17−S19).
Model-free Tikhonov regularization reveals a bimodal

distance distribution, featuring two maxima at 2.6 and 3.8
nm. The latter is in good accordance to the before mentioned
distance distribution of peptide 9 in deuterated buffer (30 vol %
glycerin-d8), whereby the shape of the distribution at large
distances above 3 nm is not accurate in this case due to the
short analyzed dipolar evolution time.
The contribution at shorter distances around 2.6 nm suggests

a partial conformational change to a PPI-helical conformation.
PPI is a right-handed helix containing all cis peptide bonds and
dihedral angles of ϕ = −75°, ψ = 160°, and ω = 0°, while the
PPII helix is left-handed (dihedral angles: ϕ = −75°, ψ = 145°,
and ω = 180°). The PPI helix is more compact than its left-
handed counterpart, having a helical pitch of 5.6 Å with 3.3
residues per turn, whereas the PPII helix is extended, having a
helical pitch of 9.3 Å and 3.0 residues per turn. The
superposition of the results of the rotamer simulations of
peptide 9 as a PPI and a PPII helix in a ratio of 10:9 describes
the experimental distance distribution well (Figure 7, model of
PPI helix shown in Figure 8).
The PPI helix is favored in environments with moderate

dielectric constant, such as 1-propanol, whereas PPII helices
dominate in aqueous solution75−77 and polyprolines are known
to be membrane permeable.78,79 Therefore, our data suggest a
localization of peptide 9 in the less polar environment of
membranes and a corresponding conformational transition. In
agreement with this point, the distance distribution obtained in
an experiment with peptide 9 in cell extract after 1 h of
incubation time (Figure S20)featuring a low content of
membrane fragments and no mitochondria at all80shows no
contribution at approximately 2.5 nm, as observed in cellula and
features solely a distance distribution fitting with a PPII helical
structure. Wennemers et al. showed that the length of an
oligoproline and the type of its terminal groups influence the

Figure 5. Top: Background corrected four-pulse DEER trace of
peptide 9 in deuterated buffer (30 vol % glycerin-d8) (black dots) and
Tikhonov regularization fit (gray dotted line) recorded at Q-band, 10
K; observer-pulses 16/16/32 ns, pump-pulse 16 ns, Δυ = 120 MHz,
accumulation time 12 h. Bottom: Mean distance distributions obtained
via Tikhonov regularization of the DEER trace (solid line) together
with the distance distribution calculated for a corresponding model of
a PPII helix (squares) with MMM (see Figure 6). The error bars are
the full variation of the probability of given distances obtained during
the statistical analysis (see Experimental Methods), whereas the dotted
lines are upper/lower error estimations corresponding to the mean
value ± two times the standard deviation of the different Tikhonov fits.

Figure 6. Model of H-AP10C(Gd-PyMTA)P10C(Gd-PyMTA)P10-NH2
(peptide 9) with the conformation of a polyproline type II helix with
the common dihedral angles of: ϕ = −75°, ψ = 145°, and ω = 180°.
The calculated rotamer conformations are displayed via the opaque
clouds.
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ratio of PPII and PPI.81 The length of peptide 9 and the
strongly polar and charged Gd-PyMTA labels may foster the
PPI helix formation.
The distance distribution obtained for peptide 9 after an

incubation time in cellula of only 5 min (see Figure S21) looks
different than in buffer and different than after 1 h of incubation
in cells. This supports the idea of a process on time scales of
minutes or hours that involves a conformational change and an
insertion into the membrane. Even though the conformational
change is slow on the time scale of the EPR experiment, it is
unusually fast for a PPII to PPI transition. To the best of our
knowledge, such a fast conversion from PPII to PPI within 1 h
(this was the incubation time used) has not been observed

before. In vitro experiments with solvent exchange (from
aqueous to aliphatic) revealed conversion times of days to
weeks instead.82,83 However, in virtually all cell types ranging
from mammalian to bacteria,84 peptidyl-prolyl cis−trans
isomerases (PPIases) are found as enzymatic catalysts, which
accelerate the slow cis−trans isomerization of the amide bonds
in short oligopeptides84−86 by several orders of magnitude.87,88

This may explain our finding.
The assumption of a localization of peptide 9 in the cell

membrane is supported by the intracellular DEER data
revealing a local Gd(III) concentration of 2500 μM, which is
more than 8 times higher than the overall concentration and
still twice as high as the local Gd(III) concentration in the case
of Gd-spacer-Gd (10) at the same overall concentration (see
Table S1). This suggests an inhomogeneous distribution of the
molecules in the cell, i.e. preferred compartments for
localization of the peptide, as one would expect for the
incorporation into membranes.89

Further important data obtained from the in-cell DEER
measurements are signal-to-noise ratio and modulation depth λ.
Both are lower for the intracellular DEER trace than those
obtained in deuterated buffer. This is due to a 5.6 times shorter
T2 time of 1 μs in comparison to the measurement in
deuterated buffer and the presence of the endogenous Mn(II)
species.
Taking into account the contribution of in-cell Mn(II)

species to the signal intensity at the observer frequency and the
increase of the width of the Gd(III) spectrum in comparison to
the spectral width of the measurement in deuterated buffer, a
modulation depth λcorr of 1.8% is estimated. The missing 0.7%
when compared to the corresponding λcorr in deuterated buffer
can be assigned to rotamers of peptide 9 in the PPI
conformation featuring distances below the lower limit of
distances accessible by DEER (see Table S1). Hence, the
experimental data is in full agreement with the assumption that
the net modulation depth in Xenopus oocytes remains
unchanged with respect to in vitro measurements and therefore
suggests that the Gd-4-vinyl-PyMTA as well as its attachment
to the peptide are stable in cellula.

■ SUMMARY AND CONCLUSIONS
With the current study, Gd(III) based site-directed spin
labeling in combination with EPR distance measurements is
shown to provide information on protein structures in cellula.
4-Vinyl-PyMTA (3) was used to attach Gd(III) to a peptide,

extending the most common protocol for site-directed spin
labeling, based on labeling the thiol group of the cysteine
moiety. The selectivity of 4-vinyl-PyMTA (3) for cysteine was
shown to be very high. Complete or nearly complete labeling of
cysteine was achieved within 24 h at room temperature and 6 h
at 40 °C, respectively, whereas the labeling of peptide 7 was
surprisingly slow.
In terms of stability in the cellular environment, Gd-4-vinyl-

PyMTA is superior compared to commonly used nitroxides.
While the EPR signal of the latter decays with a half-life time of
85 min due to reduction to hydroxylamines, we found Gd-4-
vinyl-PyMTA to be stable for at least 24 h in cell extract at 18
°C. In EPR distance measurements, the net modulation depth
corresponding to the intramolecular Gd−Gd interaction of
peptide 9 and Gd-spacer-Gd (10) is not reduced in Xenopus
oocytes compared to in vitro measurements for at least 1 h. This
indicates that not only the Gd-4-vinyl-PyMTA complex but also
its attachment to the peptide is stable in cellula.

Figure 7. Top: Background corrected four-pulse DEER trace of
peptide 9 inside Xenopus laevis oocytes after 1 h of incubation and
Tikhonov regularization fit (black line) recorded at Q-band, 10 K;
observer-pulses 16/16/32 ns, pump-pulse 16 ns, Δυ = 120 MHz,
accumulation time 18 h. Bottom: Distance distribution obtained via
Tikhonov regularization of the DEER trace (solid line). Calculated
distance distribution for a right-handed PPI helix and a left-handed
PPII helix in the ration of 10:9 (squares). The error bars are the full
variation of the probability of given distances obtained during the
statistical analysis (see Experimental Methods), whereas the dotted
lines are upper/lower error estimations corresponding to the mean
value ± two times the standard deviation of the different Tikhonov fits.

Figure 8. Model of H-AP10C(Gd-PyMTA)P10C(Gd-PyMTA)P10-NH2
(peptide 9) with the conformation of a right-handed PPI helix. Chosen
dihedral angles for modeling: ϕ = −75°, ψ = 160° and ω = 0°. The
calculated rotamer conformations are displayed via the opaque clouds.
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The EPR spectra of Xenopus oocytes contain an endogenous
signal that can be ascribed to Mn(II) with an effective
concentration of 10 μM. Two experiments indicate that
accurate EPR distance measurements are feasible in the
presence of the Mn(II) signal: (1) Mn(II)-DEER revealed
that the Mn(II)-species are homogeneously distributed and
therefore contribute to the background of a Gd(III)-DEER
experiment, only. (2) DEER experiments using Gd-spacer-Gd
(10) prove that distance determination in cellula works
accurately in spite of the Mn(II) background.
With in-cell DEER in combination with Gd(III) based site-

directed spin labeling, we have shown a localization of the
proline rich peptide 9, H-AP10C(Gd-PyMTA)P10C(Gd-
PyMTA)P10-NH2, within the cell, suggesting an incorporation
into membranes. Furthermore, this peptide undergoes a partial
conformational transition from a PPII helix into a PPI helix.
Control experiments in cell extract under indentical incubation
conditions did not show this transition. The experimental
distance distributions agree with data for peptide 9 in the
conformation of a PPI and a PPII helix that were obtained
through simulation on the basis of a rotamer library of a
cysteine attached Gd-PyMTA, taking the flexibility of the tether
into account.

■ EXPERIMENTAL METHODS
General. Potassium vinyltrifluoroborate (>97%, TCI), Cs2CO3

(>98%, Fluka), tris(hydroxymethyl)aminomethane (H2NC-
(CH2OH)3, Tris; ≥97%, Sigma), trifluoroacetic acid (Solvay Fluor),
tris(2-carboxyethyl)phosphine·HCl (TCEP·HCl; 98%, Acros), L-
alanine (Degussa), L-arginine (>97%, Fluka), L-cysteine (>97%,
Acros), L-histidine (>99%, Serva), L-lysine·H2O (≥98%, Aldrich), L-
proline (>99%, Fluka), peptide (H-AP10CP10CP10-NH2) (ca. 90%,
contains a small amount of M ± proline, Biosyntan), phosphoric acid
(≥85 wt %, Sigma-Aldrich), GdCl3·6H2O (99.999% trace metals basis,
Aldrich), EtOH (absolute, AnalaR, VWR), MeCN (HPLC, VWR),
acetone (AnalaR, VWR), and 3-carboxy-2,2,5,5-tetramethyl-1-pyrroli-
dinyloxy (3-carboxy-PROXYL, Sigma-Aldrich) were used as received.
PdCl2(PPh3)2

90 was synthesized according to the literature. THF
(HPLC, VWR) was distilled from sodium/benzophenone. For the
preparation of the aqueous solutions, deionized water was used.
The proton-exchange resin (Dowex 50WX4 hydrogen form, Sigma-

Aldrich, 91 g) was subsequently washed with THF (3 × 200 mL),
EtOH (2 × 100 mL), H2O (2 × 150 mL), and EtOH (200 mL) and
dried over P2O5 at 0.05 mbar for 5 days to obtain a pure and dry
proton-exchange resin (30 g).
Column chromatography was carried out on silica gel 60 M (Acros)

applying slight pressure. In the preparation procedure below, the size
of the column is given as diameter × length. Thin layer
chromatography was performed on silica gel coated aluminum foil
(Merck, 60 F254). The spots were detected with UV light of λ = 254
nm. The compositions of solvent mixtures are given in volume ratios.
Preparation of Tris-HCl buffer (pH 8.0, 0.05 M): We followed a

procedure given in ref 91. An aqueous solution of tris-
(hydroxymethyl)aminomethane (Tris) (50 mL, 0.1 M) and HCl
(29.2 mL, 0.1 M) was mixed and diluted to 100 mL. pH indicator
strips (resolution: 0.2 pH, Merck) were used to determine the pH of
the solution.
NMR spectra were calibrated using the solvent signal as an internal

standard [CDCl3: δ(
1H) = 7.25, δ(13C) = 77.0; D2O: δ(

1H) = 4.79]
For 13C NMR experiments in D2O a drop of MeOH was added as the
internal standard [δ(13C)MeOH = 49.5]. In the case of 31P NMR spectra
a closed capillary filled with phosphoric acid in D2O (0.25 M) served
for the field lock and the signal of phosphoric acid in D2O [δ(31P) = 0]
was used for calibration. For the samples in Tris-HCl buffer, the signal
of Tris (δ(1H) = 3.52) was used as an internal standard and the 1H
NMR spectra were measured using water-suppression by a
presaturation technique.67 In these cases, a closed capillary (80 mm

× 1.5 mm) with D2O was used for the field lock. Signal assignment is
supported by DEPT-135, COSY, HMBC, and HMQC experiments.

ESI MS spectra were recorded using an Esquire 3000 ion trap mass
spectrometer (Bruker Daltonik) equipped with a standard ESI source.
Accurate MS experiments were performed using a Fourier transform
ion cyclotron resonance (FT-ICR) mass spectrometer APEX III
(Bruker Daltonik) interfaced to an external ESI ion source.

4-Vinyl-PyMTA tetraethyl ester (2). This reaction was
performed under argon. A solution of 4-iodo-PyMTA (1) (1.00 g,
1.65 mmol), potassium vinyltrifluoroborate (441 mg, 3.29 mmol), and
Cs2CO3 (2.15 g, 6.59 mmol) in THF (30 mL) and H2O (4.5 mL) was
degassed through three freeze−pump−thaw cycles. PdCl2(PPh3)2 (58
mg, 82.6 μmol) was added. The solution was refluxed at 85 °C for 16
h. The solvents were removed using a rotary evaporator (40 °C,
reduced pressure). Column chromatography (5 cm × 25 cm, pentane/
Et2O 1:2) gave a pale yellow oil (688 mg) consisting of 4-vinyl-
PyMTA tetraethyl ester (2) (82% yield) and a trace of an unidentified
organic compound (about 2 mol %). 1H NMR (500 MHz, CDCl3):
Signals assigned to 4-vinyl-PyMTA tetraethyl ester (2): δ = 7.43 (s,
2H, ArH), 6.62 (dd, 3J = 17.6 and 10.9 Hz, 1H, ArCH), 5.95 (d, 3J =
17.6 Hz, 1H, ArCHCHcisHtrans), 5.39 (d,

3J = 10.9 Hz, 1H, ArCH
CHcisHtrans), 4.10 (q,

3J = 7.1 Hz, 8H, CH2CH3), 3.97 (s, 4H, ArCH2),
3.55 (s, 8H, CH2CO2Et), 1.20 (t, 3J = 7.1 Hz, 12H, CH3); additional
signals of very low intensity (Figure S8b): δ = 7.24 (s, 2H), 5.74 (m,
1H), 4.95 (dq, J = 17.1 Hz, 1.6 Hz, 1H), 4.90 (dd, J = 10.3 Hz, 1.2 Hz,
1H), 3.95 (s, 4H), 3.54 (s, 8H), 2.64 (t, J = 7.5 Hz, 2H), 2.31 (q, J =
7.5 Hz, 2H). 13C NMR (125 MHz, CDCl3): δ = 171.0 (CO), 158.6
(CAr meta to vinyl), 146.0 (CAr-CHCH2), 135.1(CAr-CHCH2),
118.4 (CAr-CHCH2), 118.3 (CArH), 60.4 (CH2CH3), 59.8
(ArCH2), 54.8 (CH2CO2Et), 14.1 (CH3). MS (ESI): m/z = 530.4
[M + Na]+, 508.5 [M + H]+. Elemental analysis calcd (%) for
C25H37N3O8 (507.577): C, 59.16; H, 7.35; N, 8.28; O, 25.22. Found
C, 58.74; H, 7.71; N, 8.25. Accurate MS (ESI): calcd. for [M + Na]+

C25H37N3O8Na: 530.24729; found 530.24614.
4-Vinyl-PyMTA (3) (ester hydrolysis product). The published

procedure64 was followed, making small changes. Water (2 mL) and
then NaOH aqueous solution (2 M, 1.74 mL, 3.48 mmol) were added
to a solution of 4-vinyl-PyMTA ester 2 (353 mg, 695 μmol) in EtOH
(2 mL), whereupon a mixture of two liquid phases formed. During 10
min of stirring at room temperature, the reaction mixture became a
pale yellow one phase solution. This was stirred for another 24 h.
Then proton-exchange resin was added as much as was needed to
reduce the pH of the solution to ca. 3. The solution was separated
from the proton-exchange resin through filtration, and the ion-
exchange resin was washed three times with a 1:1 mixture of EtOH
and H2O (6 mL). The solvents of the combined filtrates were removed
using a rotary evaporator (40 °C, reduced pressure). The pale brown
viscous residue was dissolved in H2O (2 mL), and the solution was
dropped into acetone (15 mL) under stirring, giving an emulsion.
Centrifugation of this emulsion at 13400 rpm in an Eppendorf
MiniSpin (6 cm rotor radius) for 2 min separated the mixture into two
phases: a pale brown oil and a colorless liquid. The colorless liquid was
removed with the help of a pipet, and the pale brown oil was dried
over P2O5 at 0.05 mbar for 16 h. A pale brown solid (255 mg) was
obtained, containing ca. 90 wt % of 4-vinyl-PyMTA (3) (83% yield), a
trace of unidentified organic compound, and ca. 10 wt % of inorganic
matter. 1H NMR (500 MHz, D2O): Signals assigned to 4-vinyl-
PyMTA (3): δ = 7.57 (s, 2H, ArH), 6.78 (dd, 3J = 17.6 and 10.9 Hz,
1H, ArCH), 6.16 (d, 3J = 17.6 Hz, 1H, ArCHCHcisHtrans), 5.65 (d,

3J
= 10.9 Hz, 1H, ArCHCHcisHtrans), 4.67 (s, 4H, ArCH2), 3.99 (s, 8H,
CH2CO2H); additional signals of very low intensity (Figure S10,b): δ
= 7.41 (s, 2H), 5.83 (m, 1H), 4.99 (m, 1H), 4.96 (br s, 1H), 4.64 (s,
4H), 3.96 (s, 8H), 2.82 (t, J = 7.5 Hz, 2H), 2.41 (q, J = 7.5 Hz, 2H).
13C NMR (125 MHz, D2O): δ = 170.5 (CO), 150.8 (CAr meta to
vinyl), 149.2 (CAr-CHCH2), 133.9 (CAr-CHCH2), 122.7 (CArH)
122.2 (CAr-CHCH2), 59.0 (ArCH2), 57.3 (CH2CO2H). MS (ESI):
m/z = 418.2 [M + Na]+, 396.3 [M + H]+. Elemental analysis calcd (%)
for C17H21N3O8 (395.364): C, 51.64; H, 5.35; N, 10.63; O, 32.37.
Found C, 47.32; H, 4.73; N, 9.53. Accurate MS (ESI): calcd. for [M +
H]+ C17H21N3O8H: 396.14014; found 396.13900.
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Gd-4-vinyl-PyMTA (4). An aqueous solution of GdCl3 (0.1 M;
1670 μL, 167 μmol) was added to a solution of 4-vinyl-PyMTA (3)
(73.5 mg of ester hydrolysis product; this corresponds to 167 μmol of
4-vinyl-PyMTA) in H2O (2 mL). Aqueous NaOH solution (0.01 M)
was added as much as was needed to raise the pH of the solution to
7.2. The solution was diluted to 6.680 mL to obtain a solution of
Gd(III)-4-vinyl-PyMTA (4) (25 mM). MS (ESI): m/z = 548.9 [M −
Na]− . Accurate MS (ESI): calculated for [M + Na]+.
C17H17GdN3NaO8Na

+: 595.00466; found 595.00463 (Figure S12).
Ligand carrying peptide 8. This reaction was performed under

argon. Peptide 7 (11.1 mg, 3.46 μmol) and 4-vinyl-PyMTA (3) (ester
hydrolysis product 13.6 mg corresponding to 30.9 μmol of 4-vinyl-
PyMTA) were dissolved in Tris-HCl buffer (25 mM, pH 8.0; 3 mL).
The pH of the colorless solution was 7.8. The solution was degassed
through three freeze−pump−thaw cycles and heated to 40 °C. The
reaction was monitored by HPLC-MS. Allover 100 μL of the reaction
mixture was removed for this monitoring. After 80 h the reaction was
complete. The reaction solution was concentrated to ca. 1 mL through
freeze-drying. Ligand carrying peptide 8 was isolated by HPLC on a
C18(2) column (5 μm, 100 Å, 21.2 mm × 250 mm, Luna
Phenomenex) by applying a linear gradient elution with a flow rate
of 12 mL/min at room temperature and UV detection at 220 nm. The
mobile phase consisted of A (H2O/MeCN/TFA, 95:5:0.1, v/v/v) and
B (MeCN/H2O/TFA, 95:5:0.1, v/v/v) with the following percentages
of B: 0−5 min, 0%; 5−25 min, 0%−60%; 25−30 min, 60%. The eluate
between 21 and 24 min was collected and freeze-dried to give ligand
carrying peptide 7 (12.2 mg, 88%) as a colorless solid. MS (ESI): m/z
= 2016.0 [M − 3H + K]2−, 2008.0 [M − 3H + Na]2−, 1997.1 [M −
2H]2−, 1356.6 [M − 5H + 2K]3−, 1351.3 [M − 5H + Na + K]3−.
Accurate MS (ESI): calcd. for [M − 3H]3− C193H267N40O49S2:
1330.96962; found 1330.97043.
Spin labeled peptide 9. An aqueous solution of GdCl3 (0.01 M;

458 μL, 4.58 μmol) was added to the solution of ligand carrying
peptide 8 (9.4 mg, 2.35 μmol) in H2O (3 mL). Aqueous NaOH
solution (0.01 M; 3250 μL, 32.5 μmol) was added to the colorless
solution to raise the pH to ca. 7.2. Through freeze-drying, a colorless
solid (10.9 mg) consisting of spin labeled peptide 9 and sodium
chloride was obtained. MS (ESI): m/z = 2152.1 [M − 2Na]2−, 2103.1
[M − pro − 2Na]2−, 2200.6 [M + pro − 2Na]2−. Accurate MS (ESI):
calculated for [M − 2Na]2− C193H262Gd2N40O49S2: 2151.85869; found
2151.85345 (Figure S13).
The reaction between 4-vinyl-PyMTA (3) and TCEP. The

reaction was performed in an NMR tube. 4-Vinyl-PyMTA (3) (12.1
mg of ester hydrolysis product; this corresponds to 27.5 μmol of 4-
vinyl-PyMTA), and TCEP·HCl (8.9 mg, 31.1 μmol) were dissolved in
Tris-HCl buffer (pH 8.0, 0.05 M; 0.6 mL). The pH of the solution was
adjusted to 7.8 through the addition of Tris. The solution stood at
room temperature for 20 h, and then NMR and MS spectra were
recorded. 1H NMR (500 MHz, Tris-HCl buffer, Figure S1,b): Signals
assigned to TCEP adduct 5: δ = 7.33 (s, 2H, ArH), 4.40 (s, 4H,
ArCH2N), 3.66 (s, 8H, NCH2CO2H), 2.91 (m, 2H, ArCH2CH2), 2.49
(m, 2H, ArCH2CH2), 2.38 (m, 12H, PCH2CH2CO2H). Signals
assigned to TCEP-oxide: δ = 2.24 (m, 6H, PCH2CH2CO2H), 1.94 (m,
6H, PCH2CH2CO2H). The additional broad and unstructured signal
of low intensity at 2.29 ppm may be due to TCEP. 31P NMR (200
MHz, Tris-HCl buffer): δ = 58.7 (TCEP-oxide), 35.6 (TCEP adduct
5). MS (ESI) m/z = 646.3 [5 − Cl]+, 668.2 [5 − H + Na − Cl]+,
690.2 [5 − 2H + 2Na − Cl]+.
Competition of cysteine and TCEP for 4-vinyl-PyMTA (3).

The reaction was performed in an NMR tube. 4-Vinyl-PyMTA (3)
(12.3 mg of ester hydrolysis product; this corresponds to 28.0 μmol of
4-vinyl-PyMTA), cysteine (3.4 mg, 28.1 μmol), and TCEP·HCl (7.9
mg, 27.6 μmol) were dissolved in Tris-HCl buffer (pH 8.0, 0.05 M; 0.6
mL). The pH of the solution was adjusted to 7.8 through the addition
of Tris. The reaction solution stood at room temperature for 18 h. 1H
NMR spectroscopy revealed a 57:43 mixture of TCEP adduct 5 and
cysteine adduct 6. 1H NMR (500 MHz, Tris-HCl buffer, Figure S1,c):
Signals assigned to TCEP adduct 5: δ = 7.31 (s, 2H, ArH), 4.44 (s, 4H,
ArCH2N), 3.69 (s, 8H, NCH2CO2H), 2.90 (m, 2H, ArCH2CH2,
overlapping with the signal of cysteine adduct 6 and cysteine), 2.46

(m, 2H, ArCH2CH2), and 2.36 (m, 12H, PCH2CH2CO2H). Signals
assigned to cysteine adduct 6: δ = 7.28 (s, 2H, ArH), 4.40 (s, 4H,
ArCH2N), 3.72 (dd, 3J = 7.2 Hz, 4.3 Hz, 1H, CHNH2), 3.67 (s, 8H,
NCH2CO2H), 2.95−2.70 (m, 6H, ArCH2CH2 and CH2S, overlapping
with the signal of TCEP adduct 5 and cysteine). Signals assigned to
TCEP-oxide: δ = 2.21 (m, 6H, PCH2CH2CO2H), 1.92 (m, 6H,
PCH2CH2CO2H). Signals assigned to TCEP: δ = 2.29 (broad signal
overlapping with the signal of TCEP-adduct 5, 6H, PCH2CH2CO2H),
2.05 (very broad and unstructured, 6H, PCH2CH2CO2H). Signals
assigned to cysteine: δ = 3.77 (dd, 3J = 5.8 Hz, 4.2 Hz, 1H, CHNH2),
2.95−2.70 (m, 2H, CH2S, overlapping with the signal of TCEP adduct
5 and cysteine adduct 6). 31P NMR (200 MHz, Tris-HCl buffer): δ =
58.7 (TCEP-oxide), 52.6 (very low intensity; unknown origin), 35.6
(TCEP adduct 5).

Preparation of the Xenopus laevis oocytes extract (CSF). The
Xenopus cytostatic factor arrested (CSF) oocyte extract was prepared
essentially as described by Murray.92 Briefly: Female frogs were primed
by injection with 150 IU of pregnant mare serum gonadotropin. For
ovulation, female frogs were transferred to MMR medium and injected
with 300 IU of human chorionic gonadotropin. Following induced
ovulation, oocytes were sorted and washed with MMR medium.
Subsequent to dejellying in dejellying solution (2% (w/v) cysteine in 1
× XB salts (100 mM KCl, 0.1 mM CaCl2, 1 mM MgCl2, pH 7.8) and
three washing steps (CSF-XB (1× XB salts, 50 mM sucrose, 10 mM
potassium HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl]-
ethanesulfonic acid), 5 mM EDTA, pH 7.7)), activated (dividing)
and lysed oocytes were removed and intact oocytes retained. Intact
oocytes were then transferred to a centrifugation tube prefilled with
CSF-XB and cytochalasin B. After an initial centrifugation step (2 min,
1000 rpm, 4 °C) and removal of supernatant, oocytes were lysed by a
second centrifugation (20 min, 10000 rpm, 4 °C). CSF was extracted
with a syringe from the middle yellowish layer in the centrifugation
tube. To control for the integrity of the CSF extract, spindle
morphology was observed following addition of CaCl2 and sperm
nuclei to an aliquot of the CFS extract.93 The obtained oocyte extract
was frozen with liquid nitrogen and stored at −80 °C until further use
(it was taken from the freezer and thawed immediately prior to sample
preparation).

Sample preparation for EPR measurements. Gd-spacer-Gd
(10) and peptide 9 were dissolved in D2O and 10 mM Tris-HCl buffer
(D2O, pH 7.4), respectively, and mixed with glycerin-d8, resulting in a
final concentration of 200 μM (30 vol % glycerin-d8). Each sample was
collected in a Q-band test tube (quartz glass 1 mm inner diameter,
purchased from BRUKER Bospin), immediately shock-frozen in liquid
nitrogen, and stored at −80 °C until further use.

Preparation and microinjection of Xenopus laevis oocytes.
The Xenopus laevis oocytes on stage V/VI (purchased from EcoCyte
Bioscience, Caustrop-Rauxel, Germany) were kept in MBS (modified
Barth’s saline, 1×: 88 mM NaCl, 1 mM KCl, 1 mM MgSO4, 5 mM
HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid), 2.5
mM NaHCO3, 0.7 mM CaCl2·H2O) at 18 °C. Prior to the
microinjection, six oocytes were prepared on a self-made poly-
(tetrafluoroethylene) holder in MBS (1×) and visually inspected. 50
nL of a solution of Gd-spacer-Gd (10) in H2O or of a solution of
peptide 9 in Tris-HCl buffer (pH 7.4) with a concentration of 8 mM
was microinjected into the oocytes, using a Nanoject II automatic
nanoliter injector with fitting micromanipulator MM33 (DRUM-
MOND). Afterward, the oocytes were washed carefully with MBS
(1×). Three of them were then collected cautiously in a Q-band tube
(quartz glass, 1 mm inner diameter, purchased from BRUKER
Biospin) via slightly negative pressure on one end of the tube. The
oocytes were visually inspected directly afterward as well as after the
incubation time using a Stemi 2000-C binocular microscope mounted
with an AxiaCam ERc 5s camera (ZEISS), andafter removal of
supernatant MBSshock-frozen in liquid nitrogen. The samples were
kept at −80 °C until measuring them without defreezing.

For measurements of untreated Xenopus laevis oocytes, the oocytes
were shock-frozen in liquid nitrogen. Afterward, they were crushed on
a metal plate cooled with dry ice and filled in a Q-band sample tube
(closed at one side, quartz glass, 1 mm inner diameter, purchased from
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BRUKER Biospin). The oocytes were then transferred into a Q-band
tube without unfreezing them. The filled Q-band test tube was sealed
and stored at −80 °C.
EPR measurements. Q-band EPR experiments were performed at

34 GHz microwave frequency using an ELEXSYS E500 spectrometer
equipped with an EN 5107D2 Q-band EPR probe head (both Bruker
Biospin) and a 10 W MW power solid state amplifier (HBH
Microwave GmbH). A CF935 helium gas flow system (Oxford
Instruments) was used for temperature control.
Two pulse echo-detected field sweeps were obtained at T = 10 K

using a Hahn-echo sequence with τ = 400 ns, π/2 pulse = 8 ns, and π
pulse =16 ns and a sweep width of 4000 G with B0 = ∼12200 G.
T2 relaxation time experiments were performed via a Hahn-echo

sequence with pulse lengths of 8 and 16 ns for π/2 and π pulse,
respectively. The time separation τ between pulses was increased from
400 to 16000 ns in 4 ns steps. The relaxation time was determined
from the exponential fit of the acquired decay.
The four-pulse, dead-time-free DEER was obtained using the

following pulse sequence:

π τ π τ τ π τ··· ··· ··· + − ··· ··· ···⎜ ⎟
⎛
⎝

⎞
⎠ t echo

2
( ) ( ) ( )

obs
pump obs1 1 2 2

The pump pulse (length 16 ns) was set to the maximum of the
Gd(III) spectrum, and the observer pulses (lengths 16/16/32 ns) were
shifted 120 MHz (if not mentioned otherwise) to lower frequencies.
The time separation τ1 was 400 ns, and the corresponding dipolar
evolution time τ2 can be obtained from the corresponding figure. Shot
repetition time was set to 2 ms. Accumulation time per sample is
indicated in the corresponding figure.
Nuclear modulation artifacts of matrix deuterons of D2O and

deuterated buffer, respectively, were suppressed by variation of the
interpulse delay τ1, adding traces of eight values with Δτ1 = 16 ns.15,26

Stability of Gd-4-vinyl-PyMTA (4) and of 3-carboxy-PROXYL
in cell extract determined by EPR. Time-dependent EPR
measurements of Gd-4-vinyl-PyMTA (4) and 3-carboxy-PROXYL
were performed in Xenopus laevis cell extract (CSF). The
corresponding sample was mixed with cell extract in a ratio of 1:3
(vol./vol.) to receive 20 μL of the sample solution with a final spin
concentration of 500 μM. The solution was vortexed for 30 s and
loaded into a glass capillary (outer diameter 1 mm) with a sample
volume of 20 μL. Measurements were performed at X-band using a
MS200 miniscope spectrometer (Magnettech GmbH) equipped with a
TCH02 temperature controller (Magnettech GmbH) at T = 18 °C.
The spectra of the Gd-4-vinyl-PyMTA (3-carboxy-PROXYL) were
obtained with a modulation amplitude of 7 G (0.6 G), a microwave
attenuation of 4 dB (24 dB), and a sweep width of 2000 G (80 G) with
a sweep time of 160 s (43 s). The signal intensity of the measurement
was given by the signal amplitude of the (central) peak.
Generation of the rotamer library. An initial model of the

ligand complexed with Gd3+ and attached to cysteine was generated
with ChemBioDraw and ChemBio3D 12 (Cambridge Soft) and
geometry optimized with ORCA94 using the B3LYP density functional
with SVP basis sets for all atoms and the zeroth-order regular
approximation for relativistic effects. All programs for the following
steps were home-written in Matlab. To generate an ensemble of
20,000 low-energy conformations, dihedral angles of all rotatable
bonds of the linker were varied by a Monte Carlo approach, using UFF
force field parameters73 for torsion and nonbonding energy potentials.
The UFF force field file was taken from the Towhee implementa-
tion.95 Variation of bond lengths, bond angles, and electrostatic
interactions was neglected. Conformations were accepted if their
Boltzmann population at ambient temperature was at least 1% of the
population of the lowest-energy conformation encountered in a prerun
with 10,000,000 Monte Carlo trials.
The 20,000 low-energy conformations were hierarchically clustered

in dihedral angle space, using a cyclic metric. A number of 324
rotamers arise from the multiplicity of the torsion potentials of the
rotatable bonds, in agreement with distributions of the corresponding
dihedral angles for the ensemble. Relative rotamer populations were

computed from the Boltzmann populations of the individual
conformations. For attachment to the peptide, relative energies
resulting from Bolzmann inversion of these populations were
augmented by the interaction energy with the peptide as described
before,61 assuming UFF nonbonding potentials and a forgive factor of
0.50 that was optimized against experimental data with a library of the
methanethiosulfonato spin label that had been obtained analogously.
Detailed description, discussion, and validation of this new approach
to rotamer library generation will be published elsewhere.

EPR data analysis. The DEER curves were analyzed using the
DeerAnalysis2013.2 software package for MATLAB.72 Distance
distributions obtained from Tikhonov regularizations were validated
using the validation tool of DeerAnalysis2013.2. For this, 160
regularizations were performed, gradually changing the parameter
background start and adding white noise to receive an error estimate
of the corresponding distribution and an appropriate background
starting point. The error bars are the full variation of the probability of
given distances, whereas the dotted lines are upper/lower error
estimations corresponding to the mean value ± two times the standard
deviation of the different Tikhonov fits.

MMM (multiscale modeling of macromolecular systems) was used
to calculate the distance distribution of the modeled polyproline
helices.61 The models of polyproline helix type I and type II were
designed with the UCSF Chimera package.96

Spin concentrations of in-cell measurements were determined using
as reference the echo-detected field sweeps of Gd-spacer-Gd (10) and
spin labeled peptide 9 in D2O and deuterated buffer, respectively, with
30 vol % glycerin-d8 at Q-band (T = 10 K). Through superposition of
these spectra with the independently measured spectrum of MnCl2 in
D2O with 30 vol % of glycerin-d8 (same conditions and pulses as the
above-mentioned measurements), the ratio of the two components in
the experimental data of the corresponding in-cell measurements was
determined. The obtained ratio was used to estimate the concentration
of the particular spin species inside the cell (Figure S14, Table S1).
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