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The native structure of biological macromolecules in living 
cells has remained largely unexplored because of the lack of 
suitable methods. Recently, in-cell electron paramagnetic reso
nance (in-cell EPR), in particular in-cell double electron electron 
resonance (in-cell DEER), has been introduced for model sys
tems.II-31 Previous reports on in vitro DEER applications to 
study DNA deal mostly with samples of double helical struc
ture.14-7] Herein, for the first time, in·cell DEER was successfully 
employed to study the formation of human telomeric (Hn G
quadruplexes (Figure 1) upon microinjection of an unfolded 
DNA sequence (Figure 1 b) into living cells. G-quadruplexes 
have been suspected to play important 'roles in cellular pro
cesses but their existence in cells is difficult to ascertain. 
Indeed, induction of quadruplexes at the telomere was shown 
to interfere with telomere integrity and to inhibit proliferation 
of cancer cells. ls.9] 
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Figure 1. a) G tetrad. b) HT DNA sequence used for microinjection : the 
arrOWS highlight the nitroxide spin label positions. G quadruplex conforma 
tions for d[AGGG(TTAGGG),]: c) parallel propeller crystallized from K ' solu 
tion (PDB code: 1 KFl), the full circles represent K' ions; d) antiparallel 
basket in Na + solution (PDB code: 143D). The corresponding intramolecular 
label distances as estimated from the PDB are 1.7 nm (c) and 2.9 nm (d). 
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G-quadruplexes show a high degree of topological poly
morphism,lID] and there is evidence of the co-existence of dif
ferent conformations under physiological conditions.11l -13] The 
HT sequence d[AGGG(TTAGGGhl has been shown to exist in 
a 1:1 mixture of parallel propeller and anti parallel basket con
formations (Figure 1 c,d) in K+ solution.113] Potassium is the 
most abundant metal ion in cells (with concentrations above 
100mM), and in addition, concentrations as small as 1 mM K+ 
can determine the folding of a K+ -dependent fold of the HT 
structure even in the presence of excess (100mM) Na +.114] In 
addition to the importance of metal ions, proteins interacting 
with quadruplexes are also likely to influence the stabi lity and 
the type of the quadruplex within cells (see below). NMR spec
tra acquired in cellular extracts suggest that telomeric repeats 
possibly co-exist as an equilibrium mixture of different topolo
gies; however, the low resolutions of NMR and in-cell NMR do 
not permit structural interpretation. I1S.16] 

Herein, we describe long-range distance measurements on 
the HT DNA repeat utilizing in-cell DEER, which is an EPR tech
nique for determining distance distributions between spin 
labels in cellulo by measuring their dipole-dipole interac
tion.117.IS] Since EPR only detects unpaired electron spins, no 

background from diamagnetic molecules is detected; and low 
concentrations compared to in-cell NMR spectroscopy can be 
used due to the higher sensitivity per spin of EPR. 

The HT sequence d[AGGG(TTAGGGhl was synthesized and 
spin-labeled with 2,2,S,S-tetramethylpyrrolinyl-N-oxyl-3-acety
lene (TPA).119] HT DNA was injected into the animal hemisphere 
cytoplasm of stage VI oocytes of Xenopus laevis (X. Laevis), 
where nucleus-like conditions preside.12D] 

For distance measurements, the HT sequence was labeled in 
the trinucleotide loop region at positions 5 and 11 (Figure 1 b). 
Labeling at these particular positions does not disturb G-quad
ruplex structures and allows their distinction (see the Support
ing Information). The distances between the spin labels can be 
estimated from the S-methyl carbon atoms of the labeled posi
tions taken from the PDB structures and resulting in 1.7 nm for 
the parallel propeller quadruplex (PDB 1 KF1, Figure 1 C)121] and 
2.9 nm for the antiparallel basket quadruplex (PDB : 143D, Fig
ure 1 d).122] These values are in good agreement with experi
mental distance constraints obtained in buffered solution: 
1.8 ± 0.2 nm for the parallel propeller quadruplex and 3.0 ± 
0.1 nm for the antiparallel basket quadruplex.I~3] Details of syn
thesis, spin labeling, biophysical characterization, sample prep
aration, experiments, and data analysis are provided in the 
Supporting Information. 

Microinjection of doubly spin-labeled HT DNA into cells was 
carried out using a salt-free stock solution where no quadru
plex folding was observed (see Supporting Information, Fig-
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ure 52). Quadruplex folding in cellulo is possibly much slower 
than in buffered solution, where folding is completed within 
2 min (Figures 59 and 510 of the Supporting Information). On 
the other hand, TPA attached to HT DNA had a half-life of 29 ± 
7 min (Figure 2). Consequently, an incubation time of 15 min 
was chosen to allow formation and equilibration of quadruplex 
structures while circumventing quenching of most of the nitro
xide spin labels due to reduction.(23) After incubation, the sam
ples were shock-frozen to trap the adopted conformations for 
in-cell distance measurements. 

While the concentration of the HT DNA stock solution is 
rather high (4mM), its effective final intracellular concentration 
due to diffusion inside oocytes is approximately 200 J.LM . Due 
to nitroxide reduction inherent to in-cell DEER, the signal-to-
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noise ratio of the DEER curve (Figure 3 a) is low. Therefore, 
a systematic analysis of the influence of all steps in the data 
post-processing process was performed (see Supporting Infor
mation). Finally, model-free Tikhonov regu larization (TR)124) of 
the DEER curve (Figure 3 a) resulted in a distance distribution 
(Figure 3 b, blue) with two distinct maxima (see Supporting In
formation for a statistical analysis). Accordingly, the experimen
tal data were also fitted by a model consisting of two Gaussi
ans curves (Figure 3, Table 1) centred at 2.0 and 2.9 nm, respec
tively, with 55 % contribution from the second Ga ussian. The 
width of this distribution is a resultant of the flexibility of the 
spin label attached to the trinucleotide 100pS.(9) While other 
quadruplex topologies, including intermolecular quadruplexes, 
can be excluded (Supporting Information), the maxima in the 
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distance distribution were as
signed to two conformations, 
namely the parallel propeller 
and the antiparallel basket form, 
respectively. Hence, the observa
tion of the 1:1 coexistence of 
both conformations reported 
previously for K+ buffer also 
holds true in cellulo. 

Figure 2. Reduction of sing le spin labeled HT DNA inside X. laevis oocytes. a) Time dependent decay of the signal 
intensity in the nitroxide spectrum upon incubation at room temperature. The green and red circles denote the 
points for which representative cw EPR spectra, measured at T = 120 K and a microwave frequency of 9.5 GHz, are 
shown in (b): 30 sec (green) and 90 min (red) after injection. The error bars are smaller than the symbol size. For 
details. see the Supporting Information. 

To perform time-dependent 
DEER measurements, a single 
sample of HT DNA stock solution 
was added to an extract of X. 
laevis oocytes. To save valuable 
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Figure 3. In cell distance measurement of spin labeled HT DNA by DEER in 
X band at T = 45 K. total acquisition time 24 h. a) Experimenta l DEER curve 
after background correction (black) fitted with the two Gauss curve model 
(red) and model free TR (blue). b) Ca lcu lated distance distributions: two 
Gauss curve model (red) and TR (blue). artifacts above 4.5 nm are sup 
pressed (see Supporting Information). 
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Experiment Distance Width of Distance Width of Fraction of 
constraint 1st constraint 2nd distance 

" [nm] Gaussian " [nm] Gaussian constraint 
u, [nm] u, [nm] " 

In extract 2.01bl 0.4 2.91bl 0.6 21% 
(30 sec)I'1 

In extract 2.01bl 0.5 2.91bl 0.4 37 % 
(12min)I'1 

In extract 2.01bl 0.6 2.91bl 0.4 49% 
(20 min)I'1 
In celll'l 2.0 0.7 2.9 0.4 45% 

(± 0.1) (± 0.1) (± 0.1) (± 0.1) (±4%) 

[a] Distance distribution obtained by TR and subsequently fitted with two 
Gaussians. [b] Kept constant. [c] Two Gauss curve model. 

sample material and obtain directly comparable distance distri
butions, the sample was thawed after each DEER experiment, 
incubated at room temperature, and re-frozen for the next in

extract DEER experiment. 
The observed reduced modulation depth of the DEER curves 

after background correction with increasing incubation time 
(Figure 4a) reflects spin-label reduction which did not allow for 
longer incubation times. To enable monitoring of conforma
tional changes, distance distribution were obtained by model
free TR (Figure 4b). These distance distributions, when fitted 
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Figure 4. In extract distance measurements of spin labeled HT DNA by DEER 
in X band at T = 45 K. a) Experimental background corrected DEER curves for 
different incubation times (black) fitted with TR (blue). b) TR calculated dis 
tance distributions (blue circles), the red solid lines represent a superposition 
of two separate Gaussian curves (black) whose maxima are fixed at 2.0 and 
2.9 nm (vertical black dotted lines). The distance distribution curves from TR 
are normalized to the area under the curve. The asterisks mark artifacts in 
distance distributions due to TR.'lll 

with two Gaussians, exhibit maxima at 2.00 ± 0.05 and 2.9 ± 
0.05 nm. To parameterize changes of inter-spin distances in the 
cell extract and, accordingly, to evaluate in-cell findings, the 
maxima of the two Gaussians were kept constant at 2.0 and 
2.9 nm, and only their width and ratio were varied. Figure 4 b 
demonstrates the conformational change from an undefined, 
open conformation observed in salt -free buffer (Figure S8, Sup
porting Information) to the mixture of para llel propeller and 
antiparallel basket conformation detected in the cell extract. 
The rather slow increase of the fraction assigned to the parallel 
propeller conformation (peak at 2.0 nm) on a minute time 
scale suggests that the conformation initially adopted by a G-
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quadruplex injected into cells may not be the one that is 
adopted in the equilibrium state, as already suggested. i2SJ After 
20 min incubation, the DEER data indicates that the fraction of 
the parallel propeller form reaches approximately 50 % 
(Table 1). 

In conclusion, we applied in-cell EPR to investigate human 
telomeric quadruplex formation in the cellular environment of 
X. laevis oocytes. Moreover, time-dependent in-extract distance 
measurements allowed monitoring the G-quadruplex folding, 
thus supporting the in cellulo findings. With the current study, 
novel in-cell DEER has been shown to provide information on 
non-canonical DNA structures folding in living cells, which has 
hitherto been unachievable. 
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