Published online 28 April 2012

Nucleic Acids Research, 2012, Vol. 40, No. 16 el21
doi:10.1093/nar/gks333

Towards characterization of DNA structure under
physiological conditions in vivo at the
single-molecule level using single-pair FRET

Tomas Fessl'?, FrantiSek Adamec'?, Tomas Polivka'2, Silvie Foldynova-Trantirkova?,

1,2,%

Frantisek Vacha and Lukas Trantirek®*

"Faculty of Sciences, University of South Bohemia, 2Biology Centre ASCR, v.v.i., BraniSovska 31, 370 05 Ceské
Budéjovice, Czech Republic and ®Bijvoet Center for Biomolecular Research, Utrecht University, Padualaan 8,

3584 CH Utrecht, The Netherlands

Received September 18, 2011; Revised March 12, 2012; Accepted April 3, 2012

ABSTRACT

Fluorescence resonance energy transfer (FRET) under
in vivo conditions is a well-established technique for
the evaluation of populations of protein bound/
unbound nucleic acid (NA) molecules or NA hybridiza-
tion kinetics. However, in vivo FRET has not been
applied to in vivo quantitative conformational
analysis of NA thus far. Here we explored parameters
critical for characterization of NA structure using
single-pair (sp)FRET in the complex cellular environ-
ment of a living Escherichia coli cell. Our measure-
ments showed that the fluorophore properties in the
cellular environment differed from those acquired
under in vitro conditions. The precision for the
interprobe distance determination from FRET effi-
ciency values acquired in vivo was found lower
(~31%) compared to that acquired in diluted buffers
(13%). Our numerical simulations suggest that despite
its low precision, the in-cell FRET measurements can
be successfully applied to discriminate among various
structural models. The main advantage of the in-cell
spFRET setup presented here over other established
techniques allowing conformational analysis in vivo is
that it allows investigation of NA structure in various
cell types and in a native cellular environment, which is
not disturbed by either introduced bulk NA or by the
use of chemical transfectants.

INTRODUCTION

Inside a living cell, nucleic acids (NA) are exposed to a
very complex environment and their structures are, de-
pending on their sequence, modulated by non-specific

factors such as viscosity, molecular crowding or by
specific interactions with ions and small molecular
weight compounds (1). While the complexity of the intra-
cellular environment as a general property of every living
organism is generally appreciated, there is a lack of ap-
propriate tools to analyze NA structures in a cellular
context.

The first attempt to characterize nucleic acid structures
at high resolution under native conditions was recently
performed by Hansel et al. using nuclear magnetic reson-
ance (NMR) spectroscopy inside living Xenopus laevis
oocytes (2). Recently, Krstic et al. extended the technique
of the in-cel NMR to pulsed electron—electron
double-resonance (PELDOR) spectroscopy (3). In both
techniques, exogenous DNA/RNA constructs were mech-
anically introduced into the X. laevis oocytes/eggs,
followed by NMR or PELDOR investigations. Although
both methods provide unique information on NA struc-
ture ‘in living cells’, this phrase does not necessarily mean
‘in a native cellular environment’. Due to the low inherent
sensitivity of NMR and PELDOR detection and high
cellular background, the methods require unnaturally
large quantities (~250-500 uM) of exogenous NA to be
deposited into the cells (2,3). As illustrated in Figure 1,
the number of NA base-pairs deposited into the cell for
the in-cell NMR/PELDOR experiments was more than
15000 times higher than the number of base-pairs in the
genomic DNA (2-4). Although the injected cells for in-cell
NMR/PELDOR experiments are viable, the addition of
such a high concentration of NA might modulate the
intracellular environment and bias the structural
readout. In practical terms, applications of in-cell NMR
and PELDOR spectroscopy are presently limited to
X. laevis oocytes and eggs, which are large enough to
allow for the introduction of high concentrations of
exogenous NA via injection (2—4).
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Figure 1. Schematic representation of requirements of in-cell NMR/PELDOR and in-ce// spFRET on concentration of the exogenous
NA introduced into cellular environment. The concentrations are displayed relative to average size of genomic DNA of E. coli and

X. laevis.

Undoubtedly, the development of new techniques that
would allow characterization of NA structure under
physiological conditions in vivo is of general interest.
Ideally, such techniques would avoid the deposition of
large quantities of NA in the cellular environment, allow
measurements in a variety of cell types and provide com-
plementary information to the existing techniques of
in-cell NMR and PELDOR.

One of the most obvious candidates among the avail-
able methods that in principle allow quantitative charac-
terization of NA structure under native conditions is
fluorescence resonance energy transfer (FRET) (5-7).
FRET has been successfully used to obtain quantitative
long-range information on NA structure under in vitro
conditions (8-11). A number of studies also
demonstrated that FRET measurements could be per-
formed inside living cells (12-14). Although these
state-of-the-art in vivo FRET applications are currently
limited to the evaluation of populations of protein
bound/unbound NA molecules or NA-NA hybridization
kinetics and usually require the introduction of a bulk
amount of fluorescently labeled NA into cells with the
use of chemical transfectants, they clearly reveal the
potential for quantitative characterization of nucleic
acid structure using in vivo FRET (12-16). Rapid
advances in live-cell imaging, demonstrated e.g. by
direct observation of the kinetics of transcription of
single nascent mRNA molecules (17), have now enabled
acquiring quantitative FRET data in living cells at single
molecule level.

Here, we explored the possibility of quantitative char-
acterization of nucleic acid structure inside living cells at
the single-molecule level wusing single-pair FRET
(spFRET). The proposed approach avoids the need to
introduce bulk amounts of DNA into the cells and the
use of chemical transfectants, which both disturb compos-
ition of the intracellular environment. The parameters
critical for characterization of NA structure using
spFRET were evaluated for the ATTO-680/ATTO-740
donor—acceptor system based on the experimentally
determined variation of FRET efficiencies for a series of
terminally labeled DNA duplexes with a length of 818 bp,
both in vitro and in vivo, in Escherichia coli cells. The
application potential and limitations of in-cell spFRET
for structural analysis of NA are discussed.

Table 1. DNA constructs employed for spFRET measurements

DNA ATTO680-5 -> 3’ ATTO740-5 -> 3

length [bp]

8 CCTGCAGG CCTGCAGG

10 CCTGCAGTGG CCACTGCAGG

12 CCTGCAGTACGG CCGTACTGCAGG

14 CCTGCACGACCTGG CCAGGTCGTGCAGG

16 CCTGCACGACCTGTGG CCACAGGTCGTGCAGG

MATERIALS AND METHODS
DNA constructs

Unmodified DNA oligonucleotides were purchased from
Generi-Biotech (Hradec Kralove, Czech Republic). Fluores-
cently labeled DNA oligonucleotides coupled with fluores-
cent dyes ATTO680 and ATTO740 (ATTO-TEC GmbH)
via flexible Cg linkers at the 5'-termini were purchased from
Sigma-Aldrich. Table 1 lists the DNA constructs used in this
study. For both in vitro and in vivo spFRET measurements,
both single-stranded DNA conjugated either with ATTO
680 or ATTO 740 was dissolved in buffer 4 (0.01% Tween
20, 200 pm sodium r-ascorbate, 0.3mM EDTA, 10mM
TRIS, pH 7.4). Subsequently, the ATTO680-DNA was
mixed with ATTO740-DNA of corresponding size at a
ratio of 1:1.15. To allow annealing of complementary
strands, the mixture was heated to 95°C for 5min and left
to slowly cool to room temperature.

Absorption and fluorescence spectroscopy

Absorption and emission spectra were acquired at room
temperature in a 10-mm silica glass cuvette in buffer A at
DNA concentrations of 0.1 and 10 uM for measurements of
fluorescence and absorption, respectively. Emission spectra
were recorded on a Fluorolog spectrofluorometer (SPEX,
USA). A Raman emitter RS 664 LP (679.3-1497.7 nm) was
used to filter emission spectra from the excitation light. The
absorption spectra were recorded on a UV300 spectropho-
tometer (Spectronic Unicam, UK).

Circular dichroism spectroscopy

Circular dichroism (CD) spectra were acquired on a
JASCO J-715 spectropolarimeter (JASCO Corporation,
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Tokyo, Japan) in 10-mm silica glass cuvettes at room
temperature. The CD spectra were acquired in buffer
A at a DNA concentration of 10 uM. The melting tem-
peratures of the DNA constructs were determined by the
temperature dependence of the molar ellipticity in the
global minimum of the CD spectra. A thermostatic
water bath combined with a thermoelectric Peltier device
was used to control the temperature. The individual points
of the melting curve were collected after 15min of
temperature equilibration at each temperature step.

Time-resolved fluorescence anisotropy

Time-resolved fluorescence anisotropy decay measure-
ments were performed to evaluate the rotational mobility
of the donor and acceptor fluorophores. The anisotropy
decay r(t) was constructed from polarized intensity
decays as

. ]||([) — G]J_(t)

0 =G 260 0)

(1)
where /; and /, are the intensity decays recorded with the
emission polarizer oriented parallel or perpendicular, re-
spectively, relative to the vertically polarized excitations
and G is the detector correction factor.

Fluorescence anisotropy measurements were performed
in buffer A at a DNA concentration of 0.1 uM. The fluor-
escence anisotropy measurements were performed with a
modified instrumental setup as for lifetime measurements
(vide infra) with the addition of a Glan-Taylor prism to
separate the two mutually perpendicular polarization
channels and an additional avalanche photo diode
(SPCM-AQR-16) used to detect the second polarization
channel.

The instrument response function was deconvoluted
from the lifetime decays of the fluorophores, and the
decays were fitted using a Fluofit module (18) of Matlab
(Mathworks, USA). In most cases, one short decay
component, not related to donor excited-state lifetime,
was used to eliminate the direct acceptor excitation and
scattered excitation light in the cellular environment. The
collected lifetime probability distribution functions were
analyzed through the maximum likelihood estimation
with the Matlab function ‘gmdistribution.fit’, with the
multi-component distribution analysis providing the
means, covariance and logarithmic likelihood of the fit.

Time-resolved fluorescence anisotropy decays were
fitted to a model consisting of the sum of two exponen-
tials, one accounting for the fast local motion of the
fluorophore and one accounting for the slow global
tumbling of the entire molecule:

r(t) = Prexp <— _%F>+ﬂs exp (— _%s> ()

The parameters Br, Bs, oF and «ag characterize the ampli-
tudes and rotational correlation times of fast (F) and slow
(S) motion, respectively.
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Time-resolved in vitro FRET measurements and Forster
radius determination

The in vitro FRET efficiencies were measured using the
time-resolved method for the ensemble of molecules (19).
Acquired FRET efficiencies were translated into interprobe
distances using Supplementary Equation S1. The Forster
radius in Supplementary Equation S1 was calculated from
the experimentally acquired medium refractive index, the
extinction coefficient of the acceptor, the fluorescence
quantum yield of the donor, the orientation factor «° and
the overlap integral of FRET pair spectra in buffer A
(Supplementary Table S3). Quantum yield of ATTO680
was determined relative to rhodamine B according to the
procedure of Williams et al. (20). The emission spectra used
to determine the quantum yield were corrected for detec-
tion efficiency in different spectral regions. The extinction
coefficient of the acceptor in buffer A/lysate was estimated
from absorbancies acquired for various dilutions of the
acceptor in buffer A/lysate relative to the absorbance of
the ATTO740 dissolved in water using Lambert—Beer
equation (all the measurements were conducted in the
linear region of the detector) (Supplementary Table S3).
Extinction coefficient of the ATTO740 in water was
provided by manufacturer (ATTO-TEC, Germany).

The orientation factor, «°, was estimated from the
steady-state fluorescence anisotropies following the proced-
ure of Dale et al. (21) (Supplementary Figure S1) using a
single nano-positioning system according to the approach
described by Muschielok et al. (22). Estimation of «° from
the steady-state anisotropies was preferred to that one
based on time-resolved anisotropy although resulting
estimate is usually less precise (23). The reasons for this
choice were anomalous characteristics of time-resolved
anisotropies in crude bacterial lysate lacking exponential
decays (Supplementary Figure S3).

FRET data processing

The most likely donor and acceptor positions and their
uncertainties in all the terminally labeled DNA constructs
were calculated using the Nano Positioning System (NPS)
incorporated in FRETnps Tools (22). The probability
distribution function (PDF) of acceptor position was
derived from FRET measured efficiencies and from the
accessible volume (AV) of donor dye simulated according
the procedure of Sindbert er al. (23). In agreement with
in vitro CD data, the canonical B-DNA model with
defined attachment points for acceptor and donor along
with the knowledge of the length (20 A) and width (4.5A)
of the flexible C¢ linker was used in the simulation of the
AV for both dyes (23). As the manufacturer has not yet
published the structures of the ATTO680 and ATTO740
dyes, each dye was approximated by sphere with a
diameter of 5A in the AV simulations.

Incorporation of DNA into E. coli cells

The BL21 StarTM(DE3)plysS One Shot (Invitrogen, US)
strain of E. coli was used for all in vivo FRET measure-
ments. The DNA constructs were introduced into E. coli
cells using heat shock with an optimized protocol allowing
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the introduction of one to five DNA molecules per cell (for
details see Supplementary Data). After DNA incorpor-
ation, the cells were washed three times in PBS buffer
(137mM NaCl, 2.7mM KCI, 10mM Na, HPO,,
1.8 mM KH,PO,4, pH 7.4) to remove the extracellular,
unincorporated DNA constructs. Subsequently, the trans-
fected cells were immobilized in a thin layer of polyvinyl
alcohol (MW 145000, 98% hydrolyzed, Merck) using the
spin-coating method (24).

The information on the number of molecules per cell was
obtained via visual counting. This approach was made
possible by exploiting the element that extends the depth
of focus of the microscope objective (EDOF), as described
in Fessl ef al. (25). When using this element, the setup can
also detect molecules that are out of focus using the plane
microscope objective. Such defocused molecules increase
the fluorescence background and might contaminate
measured fluorescence lifetime decays. The EDOF
element was therefore used to optimize the procedure for
the incorporation of single DNA molecules into the cells.

Single-pair time-resolved in-cell FRET measurements

Escherichia coli cells with incorporated DNA constructs
were immobilized in a thin layer of PVA. Intracellular
fluorophores were localized and individual molecules
were spatially separated by slits in an imaging spectro-
graph. The lifetimes of single constructs were examined.
Lifetime histograms were created from approximately 60
molecules for each oligonucleotide length.

The values of Eprpr were measured using the time-
resolved method as

Erer = 1 -2, 3)
D
where 7'p and tp are the donor fluorescence lifetimes in
the presence and absence of an acceptor, respectively.
The single-pair time-resolved FRET measurements were
performed using a setup composed of an inverted Olympus
IX70 microscope, Triax 320 imaging spectrograph with
back-illuminated liquid nitrogen-cooled CCD camera
(Spectrum One, Jobin Yvon, 2048 x 512 pixels, pixel size
13.5 x 13.5 um) and a picosecond-pulse laser diode module
(PicoQuant LDH-D-C-640) that generated pulses at
640nm with linear polarization as an excitation source.
The microscope was equipped with an objective providing
100x magnification (Olympus, NA of 1.35, UplanApo), an
Olympus filter cube (Olympus, Japan) containing a Raman
emitter RS 664 LP (679.3-1497.7nm), and a donor
bandpass BrightLine HC 720/13 and HC-Laser Clean-up
MaxDiode 640/8 (Semrock, Germany). For measurements
of the fluorescence lifetimes, a time-correlated single
photon counting avalanche photodiode (Perkin Elmer,
SPCM-AQR-16) was attached to the side exit of the Triax
monochromator (Jobin Yvon Inc., USA). The samples
were excited at 640 nm by a total internal reflection prism
(25). Acquired in-cell FRET efficiencies were evaluated in
terms of the most likely donor and acceptor positions and
their uncertainties using the same procedure as described
for in vitro data. However, in contrast to in vitro FRET
evaluation, the Forster radius constructed from the
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medium refractive index, the extinction coefficient of the
acceptor, the fluorescence quantum yield of the donor,
the orientation factor x> and the overlap integral of
FRET pair spectra all acquired in crude bacterial lysate
was employed for Eprgr-distance conversion.

Preparation of the bacterial lysate

Bacteria were cultivated following the same procedure as
for single molecule experiments in a total volume of 11. To
wash the cells from the cultivation medium, the cell
suspension was pelleted via centrifugation at 4°C for
10min at 4500g. The supernatant was removed and the
cell pellet was resuspended in 200ml of ice-cold PBS
buffer. This procedure was repeated three times with
fresh PBS. Following the last step of centrifugation, the
PBS buffer was removed and a semi-dry bacterial pellet
was obtained. To obtain the bacterial lysate, the bacterial
pellet was sonicated on ice. Cell debris from the crude cell
homogenate was removed by centrifugation at 4°C for 1 h
at 23500g. The supernatant, herein referred as bacterial
lysate, was used for FRET measurements.

RESULTS

ATTO680 and ATTO740 do not affect helical
conformation of DNA

In general, the principal disadvantage of the FRET tech-
nique is the required presence of donor and acceptor
fluorophore tags on a probed NA fragment. In principle,
these tags might interact with NA fragments and influence
both the structure of the NA fragment under study and
affect the mobility of fluorophores, which biases the inter-
pretation of Eprpr via modulation of the orientation factor,
«° (Supplementary Equation S5). To evaluate the potential
interference of ATTO680 and ATTO740 fluorophores with
conformation of the DNA, the influence of the fluorophores
on the conformation of the DNA was investigated using CD
spectroscopy, thermo-melting analysis and time-resolved
fluorescence anisotropy measurements.

The comparison of CD spectra of unmodified DNA and
DNA modified with ATTO680, ATTO740, and both
ATTO680 and ATTO740 fluorophores suggested that
ATTO680 and ATTO740 did not disturb the global
helical geometry of the DNA construct (Supplementary
Figure S2). For all the constructs, the CD spectra exhibited
characteristic features corresponding to the B-form of
DNA. Minor differences among the CD spectra, melting
temperatures, and distinct kinetics of anisotropy decays
between DNA-ATTO680 and DNA-ATTO740 suggested
that while ATTO680 has free mobility and moderately
promotes terminal base-pair opening, the mobility of
ATTO740 is partially hindered due to stabilizing
interaction with the DNA (Supplementary Figure S2-S3
and Supplementary Table S1).

Modulation of Epggr in a DNA duplex series in vitro
versus in vivo

To evaluate both the potential of Exggt measurements for
characterization of NA structure within a complex cellular
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environment and impact of the intracellular E. coli
environment on helical geometry of our DNA constructs,
the variations of Ergrgt for a series of five DNA duplexes
of a length of 8-16bp terminally labeled with ATTO680/
ATTO740 fluorophores in free solution and in living E. coli
cells were investigated (Supplementary Figure S4). The
resulting Eprgt, both in vitro and in vivo, were plotted as
a function of the helix length in Figure 2. Overall, in vitro
ErreT values decreased with helix length, yet there was an
apparent local increase in Errgr at 10bp. Based on the
characteristic pattern of the CD spectrum (Supplementary
Figure S2), the observed profile for Eprpr dependence on
helix length can be associated with helical parameters
corresponding to the B-form of DNA.

Analogously to the situation in vitro, the in vivo Errgr
values decreased with helix length. However, in contrast to
in vitro data, the Eprpr values displayed a local maximum in
Errer at 12 bp (Figure 2). Comparison of the phase modu-
lation between the in vivo and in vitro Epggr profiles
suggested differences in either DNA helical geometry and/
or effective relative orientations of the donor and acceptor
transition dipole moments. In addition to the differences in
phase modulation between in vivo and in vitro Eprgr
profiles, the in vivo Exgrgr values appeared systematically
reduced in amplitude compared to the in vitro measure-
ments. The reduced Eprer values indicated altered optical
properties of environment and fluorophores inside the cells
compared to those in the phosphate buffer used for in vitro
measurements (Supplementary Equation S5). Indeed, the
experimentally determined refractive index of the phosphate
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buffer, n;, viro = 1.33, was lower than the refractive index of
the bacterial lysate, 71;,, ,;,, = 1.40. However, the difference in
refractive indices accounted only for ~40-50% of reduction
in measured Eprgr values based on the estimation from
Supplementary Equation S2. The fact that the experimen-
tally observed attenuation of Eprgr was almost twice as
much as it was expected to be based on the corrected refract-
ive index suggests that the cellular environment influences
optical properties of fluorophores.

Altogether, the differences in Epgpr amplitude and
phase modulation between in vitro and in vivo data
strongly indicate that for quantitative analysis of an NA
structure inside living cells, alterations in both spectral
properties of fluorophores and their linker lengths and
flexibilities due to the cellular environment need to be con-
sidered in the process of the in-cell spFRET data analysis.
As for the spectral properties of fluorophores, it is, unfor-
tunately, experimentally impossible to acquire Qy and J
(Supplementary Equation S5) in the context of an intact
living cell due to technical difficulties with recording the
absorbance spectra and quantum yield of individual mol-
ecules. Therefore, to account for altered spectral
properties of fluorophores in a cellular environment, we
acquired the extinction coefficient of the acceptor, the
fluorescence quantum yield of the donor, the orientation
factor and the overlap integral of the FRET pair using a
bulk amount of DNA mixed with the crude lysate from
bacterial cells. Quantitative agreement between the
fluorophore emission spectra and lifetimes recorded both
in vivo and in the crude bacterial lysate indicated that the
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Figure 2. (A) Simplified workflow of the in-cell spFRET experiment. Step 1—Bacterial cells were separately transformed with DNA constructs
labeled with ATTO680 or with the complete FRET pair (ATTO680 and ATTO740). Step 2—Fluorescent molecules inside E. coli cells were localized.
Left sub-figure shows transmission image of a bacterial cell with the introduced DNA. The sub-figure on the right is fluorescent image of the same
cell. Step 3—Fluorescence lifetimes from the constructs labeled with the donor (ATTO680) and from the constructs labeled with the complete FRET
pair (ATTO680 and ATTO740) were acquired and used for calculation of the FRET efficiencies (Errgt)- (B) Modulation of Epgrgt in a duplex DNA
series of variable length inside living bacterial cells (green line) versus corresponding modulation in vitro (blue line). The experimental data were fitted
with spline. (C) A representative photon-trace from DNA construct labeled with the donor (ATTO680) inside E. coli cell showing single step
photobleaching. The trace demonstrates that the fluorescence signal comes from single molecule.
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fluorophores’ spectral properties in the crude bacterial
lysate were similar to those in intact living cells
(Supplementary Figure S5 and Supplementary Table S4).

The fluorophores’ spectral properties and orientational
factor from fluorescence anisotropies, both acquired in the
bacterial lysate along with experimentally acquired refract-
ive index of the bacterial lysate (see ‘Materials and Methods’
section), were subsequently used to calculate Forster
distance (Rp), whose a priori knowledge is essential for
interpretation of in-cell Egggt values in terms of interprobe
distances (Supplementary Equations S1 and S)).
Supplementary Figure S6 shows the R, distributions
derived from measurements in crude bacterial lysate and
diluted buffer. While the distribution of Ry in vitro was
characterized by a median distance of Ry, = 64.2A, and
first and third quantiles of 60.1 and 69.5A, respectively,
the distribution of R, in the crude bacterial lysate was
marked by a median distance of Ry = 47.1 A, and first and
third quantiles of 39.6 and 53.2 A, respectively. Significantly
broader distribution of R distances in the bacterial lysate is
a consequence of higher fluorescence anisotropies of both
dyes in this inherently heterogeneous environment that
translates into larger variability of the orientational factor
in bacterial lysate compared to that in the diluted solution.
The large variability of the orientational factor is reflected in
lower precision of distance determination from in vivo Egrgt
measurements compared to measurements under in vitro
conditions. From R, distributions (Supplementary
Figure S6), the precision for the interprobe distance deter-
mination from Epgrgr values was expected to be ~13.9%
and 31.4% for in vitro and in-cell data, respectively
(Supplementary Equation S4).

Structural interpretation of in vivo spFRET data

The double-helical DNA fragments of randomized
sequences, analogous to those employed in our study,
adopt B-DNA conformation in diluted aqueous solutions
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of monovalent ions (26,27). However, the same DNAs can
undergo a B—A transition that is induced by a number of
natively occurring agents, such as multivalent ions
(28-30), osmolytes mimicking lower water content inside
the cells (30-33) and proteins (34-36).

To assess which conformation the DNA adopts inside
living prokaryotic cells, and simultaneously assess reso-
lution power of the in-cell spFRET measurements, the
derived R, values from the crude bacterial homogenate
were used to express experimentally acquired in-cell
FRET efficiencies for a series of five DNA duplexes with
a length of 8-16bp in terms of the donor—acceptor PDF.
Resulting interprobe distance PDFs for individual DNA
constructs are shown in Figure 3. Experimentally acquired
in-cell interprobe distance PDFs for individual constructs
were then compared to corresponding PDFs that were
simulated based on geometric AVs of fluorophores
positioned on the canonical A- and B-form DNA
models according to a recently proposed technique by
Sindbert et al. (23). Comparison of the experimental
interprobe distance PDFs derived from in-cell spFRET
efficiencies along with simulated PDFs for A- and
B-form of DNA are displayed in Figure 3. Statistical com-
parison between the experimental and model PDFs clearly
indicated better agreement of in-cell sSpFRET experimen-
tal data with B-DNA compared to the A-DNA model
(Table 2).

DISCUSSION

In the present study, we investigated the variation of Eprgr
for a series of five DNA duplexes with a length of 816 bp
terminally labeled with ATTO680 and ATTO740 donor—
acceptor pair in a solution and in living E. coli cells. Our
measurements showed that for the ATTO680/740 donor—
acceptor system, the fluorophore properties in the cellular
environment differed from those acquired under in vitro
conditions. While it is experimentally impossible to acquire

B C

:

A-DNA B-DNA

Figure 3. (A) Left panel: Overlaps between interprobe distance PDFs derived from in-cell FRET measurements (blue line) and ‘in-cell’ PDFs
simulated using FRET NPS tools for A- (red line) and B-form (green line) of DNA. Right panel: Overlaps between PDFs derived from in vitro
FRET measurements (blue line) and ‘in vitro’ PDFs simulated for B-form of DNA. (B) and (C) AVs of ATTO680 (olive mesh) simulated for A-form
and B-form DNA, respectively, and FRET derived and constrained positions of ATTO740 (blue spheres). Both simulations accounted for altered
fluorophores properties in cellular environment. For details on the simulation approach, see ‘Materials and Methods’ section.
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all spectral properties of the fluorophores for individual
molecules under heterogeneous conditions of a living cell,
our measurements indicated that these could be approxi-
mated by their measurements using a bulk amount of
DNA mixed in a crude cellular homogenate.

Comparison between in vitro Ry value distribution and
that in crude bacterial lysate indicated that the precision
for the interprobe distance determination from Eggrgt
values acquired in vivo was significantly lower (~31%)
compared to that acquired in diluted buffers (~13%).

The low level of precision of in vivo-derived distances
limits the ab initio structure analysis based on acquired
in-cell Frrer data and makes NA structure characteriza-
tion from in-cell FRET data dependent on probabilistic
evaluation. Still, the in-cell EFrrpt data can be useful to
assess the consistency of structural data acquired from
Errer values measured in a complex cellular environment
with various structural models. Comparison of interprobe
distance PDF derived from experimentally acquired
Errgr values in intact bacterial cells and R, values cor-
responding to crude bacterial homogenate with the
simulated PDFs corresponding to A- and B-forms of
DNA indicated the B-form of DNA to be a more likely
conformation in intact bacterial cells compared to
A-DNA. This finding is in agreement with recent data

Table 2. Probabilistic interpretation of the in-cell FRET data

bp A-DNA B-DNA
8 0.87 0.60
10 0.92 0.81
12 0.80 0.67
14 0.51 0.39
16 0.65 0.43

Quantification of a distance between the ‘in-cell’ PDFs simulated using
FRET NPS tools (22) for A- and B-form of DNA and ‘reference’
interprobe distance PDFs derived from in-cell FRET measurements
using the Kolmogorov—Smirnov (KS) statistic. Identical distributions
are marked by 0 value in the KS statistics. Note that B-DNA model
has lower KS values compared to A-DNA model for all the DNA
constructs indicating the B-form of DNA to be a more likely conform-
ation in intact bacterial cells compared to A-DNA.
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on conformation of double-helical DNA oligonucleotides
inside living eukaryotic cells derived using pulsed
electron—electron double-resonance spectroscopy(3,4).

Considering the inherently low precision of in-cell
spFRET measurements, we attempted to assess the appli-
cation potential of the in-cell spFRET for structural
analysis of NAs. We simulated several typical situations
encountered in DNA structure analysis such as B-A and
B-Z transitions, or structural deformations in DNA due
to oxidative DNA damage, protein—-DNA binding or
DNA-drug interactions (for details see Supplementary
Figure S7). Using nano-positional models for fluorophore
locations derived based on structural information from
the PDB database and the derived precision of interprobe
distance determination under in-cell-like conditions, we
constructed the model interprobe distance PDFs.
Comparison of the model interprobe distance PDFs for
B- and Z-DNA, as well as for B-DNA and DNA contain-
ing a-anomeric adenosine, which are representative of the
damaged right-handed double-helical DNA marked by a
minor groove bend, revealed that the structural changes
corresponding to the B-Z transition or the structural
DNA damage couldn’t be readily resolved using in-cell
spFRET measurements (Supplementary Figure S7 and
Supplementary Table S5). However, comparison
between the model PDFs for DNA bound to protein,
namely FE. coli endonuclease IV, or to base-binding
drugs, namely 2-amino-l-methyl-6-phenylimidazo[4,5-2
B]pyridine and cisplatin, and PDF for a naked DNA
revealed the same or larger differences than observed for
analyzed B—A transition (Supplementary Table S5), which
is suggestive that in-cell spFRET could find its applica-
tions in structural studies involving DNA-drug and/or
protein binding. Nevertheless, the low resolving power
of in-cell Eprpr implies that for unbiased in vivo structural
analysis of NAs, the in-cell FRET should be combined
with other in vivo high-resolution techniques such as
in-cell NMR or PELDOR (2-4).

Table 3 compares limitations and application potential
of the in-cell spFRET with other established techniques for
in vivo structural characterization of DNA, namely in-cell
NMR and in-cell PELDOR. While both in-cell NMR and

Table 3. A comparison of in-cell spFRET with other techniques for the in vivo structural characterization of DNA

In-cell NMR In-cell PELDOR In-cell spFRET
Disturbance of native environment Yes Yes No
Cell type X. laevis egg/oocyte X. laevis egg/oocyte E. coli, mammalian cells®
Toxicity Sequence dependent® Sequence dependent® No
Subcellular localization Nucleus/cytosol® Nucleus/cytosol® Nucleus?
Tag requirement No Yes Yes
Measurement time span Hours < 70 min® Hours
Structural information” Short-range Long-range Long-range

“Mlustrated here for human epitheloid carcinoma (HeLa) cells (Supplementary Figure S9).

PSee the text for details.

‘For both in-cell NMR and PELDOR, the issue of the intracelllular localization of introduced DNA has not been properly addressed in the
literature. In X. laevis, localization experiments using fluorescently-labeled DNA mini-haiprin suggest that ~90% of introduced DNA is localized

in the nucleus and ~10% in the cytosol (41).

dApplies for mammalian cells (37-40).

‘Ref (3,4,42). . .
fShort-range—typically < 5 A; long range—typically < 50 A.
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PELDOR have higher resolution and precision, respect-
ively, compared to in-cell spFRET, their main drawback
lies in the requirement of ultra-high concentrations of ex-
ogenous NA that needs to be deposited into the living cells
(Figure 1). At the moment, the requirement of ultra-high
concentration of exogenous NA for in-cell NMR and
PELDOR represents the main source of controversy in
the field of cellular structural biology of NAs, as the
introduced bulk amount of NA might alter the environ-
mental conditions in the cell and, therefore, affect the struc-
ture of the studied molecule. One of the known artifacts of
the ultra-high concentration of introduced DNA is the di-
merization of double-stranded DNA fragments introduced
in X. laevis cells (3). This artifact would be naturally
avoided in the in-cell spFRET setup.

Another consequence of the required ultra-high concen-
trations of exogenous NA for in-cell NMR and PELDOR
is that these techniques are currently limited to X. laevis
oocytes and eggs, which are large cells that can be
mechanically injected with bulk amount of DNA. In
contrast to in-cel NMR and PELDOR, the in-cell
spFRET measurements can in principle be performed in
both prokaryotic as well as eukaryotic cells. To demon-
strate that the in-cell spFRET setup is compatible not only
with E. coli cells but also with mammalian cells, we per-
formed in-cell spFRET measurements in human
epitheloid carcinoma (HeLa) cells (Supplementary
Figure S9). One of the foreseen applications of the
in-cell FRET thus could be its use for studies aimed at
evaluating the influence of cell-type specific environments
on DNA structure. In this respect, however, it needs to be
emphasized that not all cell types are amenable to in-cell
spFRET measurement. The cell-type choice for in-cell
spFRET is generally limited by three factors: the cell’s
autofluorescence, light scattering, and size. For example,
large cells, such as the X. laevis oocytes/eggs used for
in-cell NMR/PELDOR, cannot readily be used for
in-cell spFRET measurements because they have high
autofluorescence and their size allows focusing only on
single molecules close to the cell surface.

One of the important advantages of the in-cell spFRET
(in eukaryotic cells) over both in-cell NMR/PELDOR is
physiologically relevant localization of the introduced
DNA. Under native conditions, i.e. inside living cell, the
DNA is localized in the nucleus. Although low concentra-
tions of exogenous DNA introduced into cell’s cytoplasm
tend to spontaneously localize and concentrate in the
nucleus (37-40), the nuclei of X. laevis oocytes seems
unable to accommodate the large quantities of introduced
DNA that are required for both in-cell NMR and
PELDOR measurements (41). Consequently, the struc-
tural information acquired from in-cell NMR/PELDOR
is a superposition of information from both the physiolo-
gically relevant nucleus and the non-physiologically
relevant cytosol (for details see Table 3).

Abstracting from the requirement that an ultra-high
concentration of DNA be deposited into the interior of
the cells and from the restriction to the X. laevis system,
the in-cell PELDOR represents an analogy to the
proposed in-cell FRET technique. Both in-cell spFRET
and PELDOR provide long-range structural information.
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Both techniques also require the attachment of reporter
tags, namely, fluorophores for FRET and radicals for
PELDOR. However, compared with in-cell PELDOR,
the in-cell spFRET setup offers one particularly important
advantage, namely extended measurement time. Whereas
the in-cell spFRET measurement time is primarily limited
by the life span of the cell (typically several hours for the
ATTO680/ATTO740 donor—acceptor system used in this
study), the in-cell PELDOR measurement time is typically
limited to ~70 min due to the rapid reduction of the spin
labels by the cellular environment (3,4,42).

Last but not least, the introduction of exogenous NA
into cells at the single-molecule level is non-toxic to the
cells. While the introduction of single molecules into the
cell does not impose any toxicity to the cell regardless of
the nature of the nucleic acid fragment, it was observed by
our group (unpublished data) and others (43) that the
introduction of large quantities of specific DNA motifs
might be toxic to the cells. Although reduction of the
amount of DNA can diminish its toxicity, the DNA con-
centrations required to avoid toxicity are far below the
detection limits of both in-cell NMR and in-cell
PELDOR. In this respect, the in-cell spFRET might be
regarded as the only alternative to study DNA molecules
that display toxicity at high concentrations.

Taken together, the inherent lack of precision appears
to be the main disadvantage of in-cell spFRET. Future
development of the in-cell spFRET technique thus
should include surveying the effect of the cellular environ-
ment on other donor—acceptor systems with particular at-
tention paid to anchoring fluorophores to the NAs to
increase precision of interprobe distance determination
based on in-cell spFRET data.

Nonetheless, the fact that the FRET measurements
in vivo can be achieved on single molecules makes the
in-cell spFRET the only technique allowing in vivo quan-
titative characterization of NA structure without signifi-
cant disturbance of the native cellular environment.
Performing  quantitative ~ spFRET  measurements
compared to bulk in-cell FRET measurements avoids
the need to introduce bulk amounts of DNA into the
cells and the use of chemical transfectants, which both
disturb composition of the intracellular environment.
Given the unique features of the in-cell spFRET setup,
this technique has the potential to become an important
tool to investigate the role of intracellular environment
composition variations on the structure of NA through
the cell-cycle progression.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1-5, Supplementary Figures 1-9,
Supplementary Theory and Methods and Supplementary
References [44—48].
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