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There is increasing evidence that the stability, structure, dynamics, and function of many proteins differ
in cells versus in vitro. The determination of protein structure and dynamics within the native cellular
environment may lead to better understanding of protein behavior. Electron spin resonance (ESR) has
emerged as a technique that can report on protein structure and dynamics within cells. Nitroxide based
spin labels are capable of reporting on protein dynamics, structure, and backbone flexibility but are lim-
ited due to nitroxide reduction occurring in cells. In order to overcome this limitation, we used the oxi-
dizing agent potassium ferricyanide (K3Fe(CN)6) as well as the cleavage resistant spin label 3-malemido-
PROXYL (5-MSL). Furthermore, we hypothesized that injection concentration is an important parameter
regarding nitroxide reduction kinetics. By increasing the injection concentration of doubly 5-MSL labeled
protein into Xenopus laevis oocytes, we found an increased nitroxide lifetime. Our work demonstrates
unprecedented incubation times of 3-h in-cell and 5-h in-cytosol for double electron–electron resonance
(DEER) experiments using nitroxide spin labels. This allows for more meaningful measurements of larger
protein systems which may require longer incubation times for equilibration in the cellular milieu. Even
longer incubation times are possible by combining our approach with more shielded nitroxides and Q-
band.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Electron spin resonance spectroscopy (ESR) in combination
with site-directed spin-labeling (SDSL) [1] has proven to be an
important tool to understand the structure, flexibility, and back-
bone dynamics of biomacromolecules. In particular, continuous
wave (CW) ESR on nitroxide labeled proteins is able to report on
protein secondary structure, solvent accessibility, and backbone
mobility [2,3]. Pulsed ESR techniques such as double electron–elec-
tron resonance (DEER) [4,5], double quantum coherence (DQC) [6–
9], relaxation induced dipolar modulation enhancement (RIDME)
[10,11], and single-frequency techniques for refocusing (SIFTER)
[12] dipolar couplings have enabled the distance measurement
between two paramagnetic tags placed 1.5 to 16 nm apart [4,13].
These ESR techniques help to further elucidate protein structural
information that is inaccessible to other methods such as X-ray
crystallography and NMR. Most often, these structural measure-
ments are performed in vitro which lacks the crowded environ-
ment that a biomacromolecule would be exposed to in its native
environment [14,15]. There is growing evidence that function of
some proteins may differ in cells versus in vitro. For example,
the folding rate and stability of phosphoglycerate kinase increased
when introduced to U2OS bone tissue cancer cells and were max-
imized specifically in the nucleus of the cell [16]. The stability of
many proteins also changes due to high molecular crowding
[17,18]. Similarly, the cellular environment was shown to prevent
a variant of protein L from retaining its globular fold observed
in vitro [19]. Often proteins have different enzymatic activity
in vivo as well, and these can differ from the measured in vitro
activity by over two orders of magnitude [20]. The ability of ESR
to report on protein structure and flexibility in-cell makes it an
important method to discern these differences between proteins
in vivo and in vitro.

Since most proteins do not have intrinsic paramagnetic sites,
distance measurements via ESR often rely on site-directed mutage-
nesis of solvent exposed residues to cysteine. These free thiols
allow for the covalent attachment of the methanethiosulfonate
spin label (MTSL) to form the R1 sidechain [21–23]. Currently,
these MTSL based in-cell distance measurements are limited by
the cleavage of the disulfide bond as well as reduction of the
nitroxide radical to an ESR inactive hydroxylamine [24–26]. This
reduction is primarily due to the presence of antioxidants, such
as ascorbic acid and glutathione found in the cellular environment

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmr.2018.12.005&domain=pdf
https://doi.org/10.1016/j.jmr.2018.12.005
mailto:sksaxena@pitt.edu
https://doi.org/10.1016/j.jmr.2018.12.005
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


22 K. Singewald et al. / Journal of Magnetic Resonance 299 (2019) 21–27
[27]. However, reduction of the nitroxide radical is problematic
since DEER requires at least two paramagnetic sites to obtain a
measurable signal.

Alternative spin-labeling strategies which use reduction-
resistant gadolinium (III) [28–30] and triarylmethyl (trityl) radicals
[31] have been employed in order to overcome the loss of signal.
While both have proven to be useful alternatives, there are limita-
tions. Gadolinium (III) DEER requires higher frequencies, such as
W-band (�95 GHz), relative to the nitroxide experiment optimally
performed at Q-band (�35 GHz) nowadays and often performed at
X-band (�9.5 GHz) as well. Gadolinium binding tags are also larger
in size than nitroxide based spin labels, placing the measured spins
further away from the protein backbone. Similarly, Trityl radicals
show significant promise relative to traditional nitroxide labeling
as sterically protected trityl radicals have a longer lifetime in
reducing environments [32] as well as longer relaxation times at
room temperature [33]. However, many of the trityl labels utilize
the reducible disulfide linkage and are also larger relative to typical
nitroxide labels.

Despite the progress with alternative spin labels, nitroxide
based in-cell measurements remain useful since nitroxides report
on backbone flexibility, dynamics, accessibility, in addition to
structure. One method used to avoid nitroxide reduction is to
freeze the sample immediately after microinjection. Immediate
freezing stops all enzymatic processes involved in nitroxide reduc-
tion but prevents proteins from diffusing throughout the cell,
which limits the biophysical relevance of these measurements.
For example, smaller proteins such as GB1 (roughly 6 kDa) injected
into Xenopus laevis oocytes require �30 min to reach equilibrium
in the cellular milieu [34] while larger proteins may take more
time due to their slower diffusional rate.

Therefore, increasing the possible incubation time is of interest.
Recently, we showed the nitroxide lifetime in cells could be
improved through the use of the oxidizing agent, K3Fe(CN)6 [34].
This oxidizing agent enables the oxidation of the reduced hydrox-
ylamine back to an ESR-active nitroxide radical. In addition, K3Fe
(CN)6 oxidizes intracellular ascorbic acid, one of the antioxidants
involved in nitroxide reduction [35,36]. Currently, only one hour
between injection and flash freezing is allowed for reasonable
dipolar modulation measurements [37]. An alternative to MTSL is
3-maleimido-PROXYL (5-MSL). 5-MSL overcomes sidechain cleav-
age by connecting to the protein backbone via a more stable
thioether bond rather than the reducible disulfide formed by R1
[37–41]. Hence, loss of nitroxide spin labels due to cleavage of
the disulfide bond is prevented. In this paper, we employed both
K3Fe(CN)6 and 5-MSL in order to enhance the allowed incubation
time for the purpose of in-cell Double Electron-Electron Resonance
(DEER) experiments. We worked to predict the fraction of protein
with two unreduced spin labels and studied the lifetime of doubly
labeled protein through both DEER and continuous wave time-scan
(CW-TS). DEER experiments for oocytes injected with differing
concentration of spin labeled protein were explored as well, and
we showed that injection concentration effects the allowed incu-
bation time.
2. Experimental

2.1. Reagents and GB1 expression, purification, and labeling

3-Maleimido-2,2,5,5-tetramethyl�1-pyrrolidinyloxy (5-MSL)
nitroxide was obtained from Sigma–Aldrich and dissolved into
ethyl alcohol. Potassium ferricyanide, K3Fe(CN)6, was purchased
from Sigma–Aldrich. E15C/K28C GB1 and K28C GB1 expression
and purification were performed as previously described [42,43].
The GB1 mutant was reacted with tris(2-carboxyethyl)phosphine
(TCEP) overnight at 4 �C to reduce any disulfide formation. To label
the protein, GB1 was run through five 5 mL GE Healthcare Hitrap
desalting columns, to remove any TCEP, directly into the premade
5-MSL solution such that the final molar ratio was 20:1 5-MSL:
GB1. This was allowed to react overnight at 4 �C. The spin labeled
protein was concentrated and run through the desalting columns
to remove all unreacted label. The final protein solution was in a
phosphate buffer (pH 7.75).

2.2. Cellular extracts and oocyte microinjection

Healthy Xenopus laevis oocytes (stages V–VI) were selected for
cytosol preparation and microinjection. They were maintained at
17 �C in a modified Barth’s solution (pH 7.60) containing NaCl
(88 mM), KCl (1 mM), NaHCO3 (2.4 mM), HEPES (15 mM), Ca
(NO3)2 (0.3 mM), CaCl2 (0.41 mM), MgSO4 (0.82 mM), penicillin
sodium salt (10 mg/mL), streptomycin sulfate (10 mg/mL), and
gentamycin sulfate (100 mg/ml).

To extract the cytosol, oocytes were removed from the Barth’s
solution and homogenized using a Scilogex D160 tissue homoge-
nizer. Cellular debris was pelleted by ultracentrifugation at
100,000g for 30 min at 4 �C using a Beckman Coulter TL-100 ultra-
centrifuge and cytosol was collected. All cytosol samples were pre-
pared to a total volume of 120 lL, containing a final concentration
of 250 lMGB1 and 2.5 mM K3Fe(CN)6. In the case that no K3Fe
(CN)6 was added, the sample instead contained a comparable vol-
ume of phosphate buffer to keep the cytosol volume held constant
at 88 lL. Afterwards, 20 lL of glycerol was added as a
cryoprotectant.

Microinjections were performed with a Nanoject III microinjec-
tor (Drummond Scientific, Broomall, USA) by manually injecting
individual oocytes with 50 nL of spin-labeled E15C/K28C GB1
(250 lM or 700 lM) in phosphate buffer containing 2.5 mM or
7 mM K3Fe(CN)6 respectively at an injection rate of 46 nL/s.
Assuming the oocyte was spherical with a 1 mm diameter, the
intracellular injected protein concentration is diluted roughly 10-
fold. For DEER, 40 oocytes were injected per sample with an injec-
tion time of approximately 5 min. The oocytes were washed with
MBS to disallow the measurement of possibly leaked protein.
Afterwards, the oocytes were individually inserted into a Pyrex
sample tube (3 mm I.D. and 4 mm O.D.) and were gently allowed
to settle before freezing. For the room temperature in-cell CW, 4
oocytes were injected and were placed along the wall of the Pyrex
tube and any excess water along the walls was removed from the
sample tube.

2.3. ESR measurements

Both continuous wave (CW) and time-scan (CW-TS) in-cytosol
experiments were performed on a Bruker ElexSys E580 CW/FT X-
band spectrometer using a Bruker ER4122 SHQE-W1 high-
resolution resonator. Aliquots were then drawn into Pyrex capil-
lary sample tubes via capillary action. The room temperature
(294 ± 1 K) CW experiments were run at a center field of 3500 G
with a sweep width of 150 G, a microwave frequency of
�9.87 GHz, a modulation amplitude of 1 G, and a modulation fre-
quency of 100 kHz for a total of 1024 data points using a conver-
sion time of 20.48 ms. CW-TS experiments used the same
experimental parameters as CW, except a total of 8192 data points
were collected over the course of 5.96 h. The static magnetic field
was set 0.3 G to the left of the maximum peak of the nitroxide tri-
plet. The in-cell CW was acquired in an ElexSys E580 CW/FT X-
band spectrometer with a Bruker EN4118X-MD5 resonator using
the same parameters as the in-cytosol samples.

Four-pulse DEER experiments were performed on a Bruker
ElexSys E680 CW/FT X-band spectrometer equipped with a Bruker



Fig. 2. CW-TS of doubly labeled GB1 incubated in cytosol extract with both the
addition of 0 (dashed) and 5 (solid) molar equivalence of K3Fe(CN)6. Inset: The room
temperature CW spectrum of 5-MSL labeled GB1 in cytosol. The gray arrow points
to the magnetic field used in the time-scan experiments.
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EN4118X-MD5 resonator. The cell extract samples (120 lL) con-
sisted of cytosol containing doubly nitroxide-labeled GB1
(250 lM) with 20 lL glycerol and were flash-frozen by immersion
in a bath of liquid nitrogen after incubation periods ranging
between 0 and 5 h. These experiments were completed at a tem-
perature of 80 K, which was controlled using an Oxford ITC503
temperature controller and an Oxford CF935 dynamic
continuous-flow cryostat connected to an Oxford LLT 650 low-
loss transfer tube. The experiments done in cells were flash-
frozen after incubation periods between 0 and 3 h and DEER exper-
iments were run at either 80 K or 50 K, depending on the incuba-
tion time. DEER experiments followed the pulse sequence:
(p/2)m1–s1–(p)m1–t–(p)m2–s2–(p)m1–s2–echo [4]. The observer
pulses (p/2)m1 and (p)m1 for both in-cytosol and in-cell experiments
were 16 and 32 ns, respectively. The pump pulse (p)m2 was 24 ns
and 12 ns for in-cytosol and in-cell experiments respectively. t
was increased by a step size of 10 ns for 128 points. The pump fre-
quency m2 was placed at the maximum of the echo-detected field-
swept nitroxide spectrum and the observer frequency m1 was offset
downfield by 70 MHz (�25 G). Data acquisition ranged from 3 h to
approximately three days. The time domain DEER signal data were
analyzed using DeerAnalysis2018 by Tikhonov regularization [44].

CW-TS experiments were all done using the same batch of
oocytes in order to keep cytosolic content consistent. Similarly,
in-cytosol DEER experiments as well as the CW-TS which served
as a comparison to DEER used the same oocyte batch.

3. Results and discussion

In order to investigate the feasibility of our in-cell experiments,
we employed the use of the immunoglobulin binding domain of
protein G (GB1). Cysteine mutations were incorporated into GB1
at an a-helix (E15C) and a b-sheet (K28C) [43] and were subse-
quently labeled with 3-maleimido-2,2,5,5-tetramethyl-1-pyrrolidi
nyloxy spin label (5-MSL). These residues were chosen for mutage-
nesis as they are solvent exposed, allowing for successful spin
labeling, and also to serve as a comparison to previous in-cell
results using the commonly used methanethiosulfonate spin label
(MTSL) [34]. This doubly labeled GB1 mutant enables the measure-
ment of distance constraints via DEER spectroscopy.

Fig. 1 shows how 5-MSL binds to the protein backbone via the
formation of a thioether bond which is resistant to cleavage inside
a cellular environment [37–41]. However, the enzyme mediated
reduction of the nitroxide radical results in an ESR-silent hydroxy-
Fig. 1. (a) The immunoglobulin binding domain of protein G, GB1, (PDB ID: 5BMG). GB1
respectively (black spheres). b) 5-MSL connects to the protein backbone through the fo
nitroxide can be combated with the addition of the oxidizing agent K3Fe(CN)6.
lamine inside the cell. The hydroxylamine was shown to be further
reduced to a secondary amine in human keratinocyte cells [45]. In
addition to reduction, the loss of nitroxide signal is possible by
other means, such as oxidation or dimerization. In the cell, reduc-
tion is the main pathway of nitroxide metabolism [46]. The addi-
tion of the oxidizing agent potassium ferricyanide, K3Fe(CN)6,
promotes a back-reaction converting the hydroxylamine back to
a nitroxide radical [34,35]. Here, we seek to employ 5-MSL in con-
junction with K3Fe(CN)6 to extend the lifetime of the nitroxide
sidechain inside the cellular environment. The cells remained
healthy upon injecting 3.5 mM K3Fe(CN)6 for at least 18 h, indicat-
ing this injection does substantially affect the viability of the
oocyte (Fig. S5). This approach would therefore be of value for sub-
stantial biophysical research, such as the effect of cellular crowding
on structure, dynamics, and protein-protein interactions. However,
the use of this agent may be problematic when probing events
including physiological redox processes.

Continuous wave time-scan in cytosol extract: To confirm that the
addition of the oxidizing agent K3Fe(CN)6 is a viable method of
extending the lifetime of nitroxide radicals in cells, we performed
continuous wave time-scan (CW-TS) experiments. Since the line
shape of the continuous wave (CW) spectrum does not change
(Fig. S1), the CW-TS intensity is proportional to the spin concentra-
tion. The intensity decay at a constant magnetic field on the CW
spectrum, shown in the inset of Fig. 2, is directly related to the
reduction kinetics of our ESR-active nitroxide. Fig. 2 shows the
was doubly labeled with 5-MSL at residues 15 and 28 on the b-sheet and a-helix
rmation of an irreducible thioether bond. The enzyme mediated reduction of the
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results of the CW-TS experiments, which were run in the cytosol
extract of Xenopus laevis oocytes using 250 lM E15C/K28C GB1
(500 lM of the spin label) with and without the addition of 5 M
equivalence [34] of K3Fe(CN)6 (2.5 mM). CW-TS of 500 lM free 3-
carboxy-PROXYL (PCA) [34] and 5-MSL without K3Fe(CN)6 are also
shown in Fig. S2. The CW-TS clearly indicates that the reduction of
the nitroxide contained by the 5-MSL labeled GB1 is slowed by the
presence of K3Fe(CN)6. Assuming pseudo first order kinetics, the
rate constant decreased by roughly 32%, from 0.534 ± 0.001 h�1

to 0.364 ± 0.001 h�1 after the addition of K3Fe(CN)6. These rate
constants assume that the reduction of the two labeled residues
on the a-helix and b-sheet follow similar kinetics, as they are both
solvent exposed sites. These rate constants also assume pseudo-
first order kinetics despite the multiple cellular processes involved
in nitroxide metabolism. This decrease is most likely due to two
factors. Firstly, the K3Fe(CN)6 promotes a back reaction with the
reduced hydroxylamine as well as reacting with antioxidants
within the cell [35,36]. These results confirm that the addition of
an oxidizing agent substantially elongates the lifetime of the
bound 5-MSL nitroxide radical.

Because the ultimate goal is to determine structural constraints
by obtaining distance measurements between two spin labels, we
analyzed the CW-TS data to estimate the doubly and singly labeled
protein concentration as a function of incubation time. Again,
under the assumption that the 5-MSL attached to the a-helix and
b-sheet will follow similar reduction kinetics, the fraction of dou-
bly, singly, and unlabeled labeled protein is estimated as follows:

f 2ðtÞ ¼ IðtÞ2 ð1aÞ

f 1ðtÞ ¼ 2IðtÞ½1� IðtÞ� ð1bÞ

f 0ðtÞ ¼ ½1� IðtÞ�2 ð1cÞ
where t is the incubation time, fn(t) is the fraction of protein with n
paramagnetic sidechains, and I(t) is the relative CW intensity at
time t normalized to unity at t = 0. The intensity of the CW-TS is
directly proportional to the number of an ESR active species. The
normalized CW-TS intensity, I(t), is therefore equivalent to the
probability of finding a labeled residue which remained paramag-
netic. Similarly, 1 � I(t) is the probability that residue is was
reduced to a hydroxylamine. It follows that the fraction of doubly
labeled species is I(t)2; the fraction of completely silent species is
[1 � I(t)]2; and fraction of singly reduced species is I(t) ⁄ [1 � I(t)]
+ [1 � I(t)] ⁄ I(t). Fig. 3 shows the contribution of doubly and singly
labeled protein at each time point of the CW-TS. For the purposes of
Fig. 3. CW-TS experiment fit by the addition of the doubly (dashed) and singly
(dotted) labeled protein. Note that the CW-TS above is different than showed in
Fig. 2. This experiment was done with the same cytosol batch used in DEER
experiments discussed later while data discussed in Fig. 2 used a separate cytosol
batch.
ESR, unlabeled protein does not contribute to the detected signal
and therefore we only consider the relative percentages of doubly
and singly labeled protein using:

f 02ðtÞ ¼
f 2ðtÞ

f 1ðtÞ þ f 2ðtÞ
ð2Þ

where f02(t) is the fraction of doubly labeled protein relative to only
ESR active species. From these predictions, the percentage of doubly
labeled protein in cytosol extract should be 19% after 6 h of
incubation.

DEER measurements in cytosol: Having confirmed that K3Fe(CN)6
slows down nitroxide reduction, we performed DEER measure-
ments on 5-MSL labeled E15C/K28C GB1 in cytosol. Fig. 4a shows
the background subtracted time domain DEER of the 5-MSL labeled
E15C/K28C GB1 at various incubation times, or the time between
introducing GB1 to the cytosol extract and flash-freezing to stop
any further enzymatic activity. Note that due to the time required
to prepare samples, a zero-minute incubation is unfeasible and
therefore the minimum incubation time was �1 min for the in-
cytosol experiments. Measurable modulations were achieved after
5 h of incubation. The overlaid distance distributions, shown in
Fig. S3, show that distributions between in vitro and in-cytosol
samples were consistent up to 4 h of incubation. The small devia-
tion observed for the 5-h sample may be due to the lower signal to
noise ratio of the DEER signal.

DEER measurements in-cell: Additionally, we acquired DEER
measurements of 5-MSL labeled GB1 injected into stage V-VI Xeno-
pus laevis oocytes. Originally, in-cell experiments were done with
GB1 injection concentrations of 250 lM to serve as a comparison
to previously published data on R1 labeled GB1 [34] as shown in
Fig. 5a. We were able to obtain reasonable modulation depths of
5% after a 2-h incubation. We hypothesized that injecting a higher
concentration of GB1 would result in one of two outcomes. Either
there is a faster rate of reduction due to the increased concentra-
tion of protein or the intracellular antioxidants would become lim-
iting and allow for longer incubation times. As such, we acquired
DEER of oocytes injected with 700 lMGB1. Fig. 5b shows a
modulation depth of 5% after an unprecedented 3 h. In the past,
measurable dipolar modulations in Xenopus laevis oocytes were
successfully obtained only after 60 min for 5-MSL labeled ubiquitin
[37] and 30 min for R1 labeled GB1 [34]. We believe that the three-
hour incubation was possible due to the ascorbic acid being limited
relative to the nitroxide concentration. Distance distributions for
the in-cell experiments are shown in Fig. S3 which shows most
probable distances averaging around 2.78 nm.

We note incubation times longer than 3 h are likely possible
through the combination of K3Fe(CN)6 with the sterically protected
nitroxide spin label, M-TETPO [41]. In the M-TETPO label the
nitroxide radical is shielded by changing the gem-dimethyl used
in 5-MSL to gem-diethyl group. Similarly, the use of higher sensi-
tivity Q-band experiments may allow for data acquisition at longer
incubation times.

Fraction of doubly labeled protein: Finally, the fraction of doubly
labeled protein for all the DEER experiments were calculated and
are shown in Fig. 6a. These were calculated by using the modula-
tion depth, k, of the DEER time domain signal as it contains infor-
mation about the fraction of doubly labeled protein given by
[47,48]:

k ¼ 1�
Xnmax

n¼1

f nð1� pbÞn�1 ð3aÞ

where pb is the probability of exciting a b-spin, n is the number of
paramagnetic sites present in each species, and fn is the fraction of
ESR-active species with n spins. For the case in which there is at



Fig. 4. The in-cytosol (a) background subtracted time domain DEER signal and (b) distance distribution of 5-MSL labeled E15C/K28C GB1 after incubation times ranging from
1 to 300 min. The modulation depth k is defined by the difference between the maximum and the value at which the signal reaches a baseline, as shown for the 300 min
incubation in cytosol.

Fig. 5. Background subtracted time domain DEER signal of 5-MSL labeled E15C/K28C GB1 after incubation in Xenopus laevis oocytes at injection concentrations of (a) 250 lM
and (b) 700 lM 5-MSL labeled GB1. Measurable modulations were obtained up to two hours at lower injection concentrations and 3 h at a higher injection concentration.

Fig. 6. (a) The fraction of doubly labeled protein predicted from DEER for the in-cytosol (black circles) and in-cell at a low (gray squares) and high (white diamonds) injection
concentration. The errors in incubation time for the in-cell experiments are due to the time required to inject the oocytes. (b) The fraction of doubly labeled GB1 in cytosol
calculated from both the CW-TS (dashed line) and DEER modulation depths (black circles). They follow the same trend implying that sidechain cleavage does not occur.
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most 2 spins per system, such as our doubly labeled GB1, Eq. (3a)
simplifies to:

k ¼ f 2pb ð3bÞ
From these equations, it is evident that the reduction of doubly

labeled to singly labeled protein decreases the experimental mod-
ulation depth and our work to increase the lifetime of 5-MSL in
turn increased the possible incubation time.

For experiments done in cytosol, a pump pulse of 24 ns was
used and pb was calculated to be 0.32 [49]. Therefore, the in-
cytosol results have a calculated modulation depth of 32% if the
protein was fully labeled which is in strong agreement with the
31% modulation depth for the 1 min incubation as shown in
Fig. 4a. This result implies that no significant reduction occurred
between the time taken to prepare the sample. We were able to
obtain measurable modulations after an incubation of 5 h. This
time could feasibly be further extended by increasing pb via a
shorter pump pulse, and the use of shielded nitroxides.

For experiments done in cells, a pump pulse of 12 ns resulted in
a calculated pb of 0.50. Compared to the in-cytosol experiments
shown in Fig. 4, the initial loss of modulation depth was noticeably
faster in cells. likely due to membrane associated factors such as
thioredoxin [50] and glutathione reductase [51]. Over 20% of GB1
underwent reduction after 5 min in cells at a lower injection



Fig. 7. Room temperature CW spectrum in vitro (black dashed) and in Xenopus
laevis oocytes (gray solid). Both spectra have a similar line shape and therefore
shows no measurable difference for the in-cell and in vitro dynamics of the GB1 a-
helix. Note that the two spectra were acquired at different microwave frequencies,
as such we shifted the in-cell spectrum to be overlaid with the in vitro data.
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concentration while over 40% at the higher concentration. Regard-
less, the fraction of doubly labeled protein after 3 h was 12 ± 3%
which is similar to the 11 ± 3% of doubly labeled GB1 after only
2 h at a lower injection concentration. This emphasizes the impor-
tance of injection concentration as a parameter for in-cell DEER.

In order to discern whether 5-MSL cleavage has occurred, we
overlaid the calculated fraction of doubly labeled protein calcu-
lated from the in-cytosol DEER and CW-TS experiments using
equation 2 (cf. Fig. 6b). In the case that sidechain cleavage
occurred, this would result in two individual species that are both
ESR active, compared to nitroxide reduction which results in one.
Since DEER is sensitive to the number of spins per system and
CW-TS only detects the total number of spins, we would expect a
lower predicted fraction of doubly labeled protein from DEER.
Fig. 6b shows the comparison between the fraction of doubly
labeled GB1 predicted by both the CW-TS and DEER experiments.
The consistency between these two experiments implies that 5-
MSL cleavage is minimal in the cellular environment.

Room temperature continuous wave spectrum in-cell: One impor-
tant use of nitroxide based spin labels over some alternatives is the
ability of nitroxides to report on in-cell protein dynamics via room
temperature CW-ESR experiments [39,52]. As such, we labeled
K28C GB1 with 5-MSL and acquired CW spectra at room tempera-
ture, both in vitro and in-cell, as shown in Fig. 7. The in-cell CW
was acquired after allowing a �30-min incubation of the 5-MSL
labeled K28C GB1 to allow for the protein to equilibrate. Because
of the similar line shape between the two spectra, we cannot con-
fidently identify a difference in dynamics between the in vitro and
in-cell dynamics for this site a-helical site in GB1.
4. Conclusion

Here we have shown that the combination of K3Fe(CN)6 with a
higher injection concentration extends the time of incubation
allowed for ESR measurements. First, we showed that 5 M equiva-
lence of K3Fe(CN)6 to protein bound 5-MSL slows its reduction
kinetics by 32%. For use in DEER, labeling GB1 with 5-MSL over
the commonly used R1 sidechain extended the feasible in-cell
incubation time from 30 min to 2 h under the same conditions. Fol-
lowing a 2.8-fold increase in GB1 concentration, DEER measure-
ments were obtained after an incubation of 3 h in cells. Finally,
we showed that the combination of K3Fe(CN)6 and 5-MSL allowed
for a 5-h incubation in cytosol. Although smaller proteins such as
GB1 only need 30 min to diffuse throughout the oocyte, this
increase in allowed incubation time enables the meaningful analy-
sis of larger proteins as, for example, the diffusion coefficient is
halved for a protein double the size. Similarly, smaller proteins
can be more easily analyzed after shorter incubation periods due
to the deeper modulation depths. Therefore, by optimizing injec-
tion concentration as well as introducing an oxidizing agent, ESR
will become a more viable method to study biomacromolecules
inside their native cellular environment. Even longer incubation
times could be achievable through the use of Q-band or by combin-
ing these methods with the sterically shielded M-TETPO spin label
[41].
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