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Introduction

Single-molecule microscopy is a rapidly evolving ensemble 
of methods that provide key information on the dynamic 
behavior, kinetics, and heterogeneity of proteins and 
molecular motors involved in the organization, segregation, 
replication, repair, and transcription of DNA (Amitani et al. 
2006; Bianco et al. 2001; Blainey et al. 2006; Loparo et al. 
2011; van Mameren et  al. 2008). Probing DNA–protein 
interactions in single-molecule experiments often require 
both manipulation and visualization of DNA and protein 
through direct labeling with fluorescent compounds. The 
two most frequently used approaches to simultaneously 
visualize DNA and protein are optical tweezers coupled 
with fluorescence microscopy and TIRFM (total internal 
reflection fluorescence microscopy) (van Mameren et  al. 
2008). In both cases, DNA is visualized by the use of DNA 
staining dyes that exhibit enhanced fluorescence upon bind-
ing. The most common mode of interaction of these dyes 
with DNA is intercalation: a binding mode in which small 
molecules insert their planar aromatic moiety between two 
adjacent base pairs (bp) of double-stranded DNA (dsDNA) 
(Lerman 1961). The study of the changes in DNA struc-
tural and mechanical properties induced upon intercalation 
of small molecules is important as these complexes can 
dramatically influence the binding, activity, and movement 
of enzymes on DNA. Additionally, intercalating fluorescent 
dyes can produce light-induced chemical modifications in 
DNA, such as the introduction of single-strand and double-
strand breaks (ssb and dsb, respectively, e.g., Akerman and 
Tuite 1996; Colmenarejo et al. 1995; Yu et al. 2009). Fur-
thermore, because of their specific property of interfering 
with DNA–protein interactions, intercalators (e.g., profla-
vin) are used in anticancer drug formulations. Thus, under-
standing the binding modes, intercalation kinetics, and 
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light-induced damage of DNA by intercalating agents is of 
utmost importance in the development of more specific and 
efficient dye molecules and drugs (Hurley 2002).

Monomeric and dimeric dyes are widely used in single-
molecule fluorescence imaging of DNA. Monomeric inter-
calating dyes, such as ethidium bromide or YO-1, have a 
moderate binding affinity for dsDNA, typically in the μM 
range (Petty et al. 2000). In contrast, dimeric bis-intercala-
tors such as YOYO-1 exhibit a higher DNA binding affin-
ity [~5–50 nM, depending on ionic strength (Günther et al. 
2010; Gurrieri et al. 1997; Petty et al. 2000)] and display a 
~1000-fold increase in fluorescence intensity upon binding 
dsDNA, making it the most commonly used dye for single-
molecule DNA-imaging applications. Its application, how-
ever, requires specific strategies, not always fully compati-
ble with optimal experimental conditions. On the one hand, 
YOYO-1 requires long incubation times and high tempera-
tures (>1 h at 50  °C) to obtain homogeneous DNA stain-
ing patterns (Carlsson et al. 1995) and binds rather slowly 
to DNA at the single-DNA molecule level ~5  min for 40 
nM YOYO-1 under TIRFM conditions (Reuter and Dryden 
2010). On the other hand, the excitation of YOYO-1 can 
lead to the production of reactive oxygen species and free 
radicals that can cleave the DNA phosphate chain trigger-
ing single-strand breaks which, upon accumulation, lead to 
double-strand breaks (Akerman and Tuite 1996; Cadet et al. 
2003). To mitigate this problem, the DNA base pair-to-dye 
ratio can be reduced, but this degrades the fluorescent sig-
nal and the localization precision. Alternatively, scaven-
gers of reactive oxygen species (ROS) can be employed, 
but these can reduce the pH in the vicinity of DNA, which 
could affect specific protein–DNA interactions.

SYTOX are a family of nucleic acid staining dyes com-
monly used as dead-cells markers that have only recently 
been used for single-cell and single-molecule experi-
ments (Blainey et  al. 2006; Hamdan et  al. 2009; Ptacin 
et  al. 2008; Tanner et  al. 2009). SYTOX dyes exhibit a 
large (>1000-fold) fluorescence enhancement upon DNA 
binding, have a high DNA binding affinity (as reported by 
its manufacturers), show little base selectivity, and exist in 
different colors spanning the whole visible spectrum. Pre-
vious studies have shown that SYTOX green fluorescence 
increases significantly also when bound to single-stranded 
DNA, although fluorescence enhancement is much lower 
than when bound to dsDNA (Roth et  al. 1997). It was 
previously suggested that SYTOX are monomeric dyes 
(Yan et al. 2000), although their exact molecular structure 
is proprietary information of Molecular Probes (Thermo 
Fisher Scientific, OR, USA). Here, we employ TIRFM, 
magnetic tweezers, and equilibrium binding to charac-
terize the use of SYTOX green as a DNA agent for sin-
gle-molecule studies and to investigate its DNA binding 
mechanism.

Materials and methods

Preparation of DNA samples

For TIRFM experiments, biotin-labeled λ-DNA was pre-
pared by ligating the 12 base pairs cos overhangs of lin-
earized λ-DNA (New England Biolabs, Ipswich, USA; at 
a concentration of 8 ×  10−10 M) with 5′-biotin-modified 
oligo1 (5′-AGGTCGCCGCCC-Biotin-3′; 8  ×  10−9 M; 
Eurogentec, Seraing, Belgium) using T4 DNA Ligase (New 
England Biolabs, Ipswich, USA).

For magnetic tweezers experiments, 14.7-kb DNA frag-
ments were used. Short DNA linker fragments (~500  bp) 
possessing either biotinylated or digoxigenated dUTP 
were generated by PCR as described (Stone et  al. 2003), 
digested with BamHI and XhoI, and specifically ligated to 
the 14.7  kb BamHI/SalI digestion product of the pPIA6 
plasmid. All other chemicals used in this work were of ana-
lytical grade.

Construction of micro‑fluidics chambers and TIRFM 
setup

Coverslips were cleaned by using a plasma cleaner (Diener 
Electronics, Jettingen, Germany) and functionalized with 
aminosilane (AbCys Laboratories, Cortaboeuf, France) 
resulting in a surface with reactive amine groups. To avoid 
non-specific DNA sticking, the functionalized surface was 
passivated by treatment with a mixture of biotinylated and 
non-biotinylated polyethylene glycol (PEG, Abcys Labora-
tories, Cortaboeuf, France).

The flow chamber was built by drilling two holes on the 
opposite ends of a clean coverslip using a CO2 laser cut-
ter (Thermoflan, Le Vigan, France). The flow chamber was 
assembled by putting together a drilled coverslip, a PEG-
functionalized coverslip, and a parafilm spacer (~100 μm 
thickness). The spacer was then sandwiched between the 
two coverslips and sealed by heating on a heat block at 
95  °C, creating a single channel in the middle with two 
holes at the opposite ends. Polyethylene tubes (PE50, Har-
vard Apparatus, Holliston, USA) were connected to the 
holes through homemade adaptors. Buffer and samples 
were injected into the chamber through a syringe pump 
(Harvard Apparatus, Holliston, USA).

A homemade TIRF setup based on a Zeiss Axiovert 100 
inverted microscope equipped with a Plan Fluor 100X/1.45 
NA objective (Zeiss, Le Peck, France) was used. The 488-
nm line of an argon laser was used to excite YOYO-1 
(Molecular Probes, Thermo Fisher Scientific, OR, USA) 
and SYTOX green (Molecular Probes) and their fluores-
cence signal collected through the same objective, passed 
through a 525  ±  25-nm emission filter (Chroma, VT, 
USA) and imaged onto an EM-CCD camera (Andor iXon, 
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DU888, Belfast, Ireland). The laser power was controlled 
by an acoustic-optic modulator. The camera exposure time 
used was 100 ms in all cases at a gain of 300.

DNA imaging and processing

The flow chamber functionalized with biotin and PEG was 
incubated with 0.2 mg/ml streptavidin (Invitrogen, Thermo 
Fisher Scientific) for 10  min, and excess streptavidin 
washed out with TE buffer (20 mM Tris pH 7.5, 0.1 mM 
EDTA). Biotin-labeled λ-DNA was loaded at a concentra-
tion of 1 pM into the chamber in TE buffer at a flow rate 
of ~50 μl/min and incubated for 15 min to allow the for-
mation of DNA attachments through biotin–streptavidin 
interactions. Unbound DNA was washed out the chamber 
by flowing 500 μl of degassed DNA imaging buffer (13 % 
sucrose, 40 mM NaHCO3, 50 mM Tris pH 7.5, 15 mM dith-
iothreitol) at a flow velocity of ~100 μl/min. This buffer is 
typically used for visualization of DNA when using inter-
calating dyes, see for example (Reuter and Dryden 2010). 
For all experiments, λ-DNA was flow stretched at a flow 
velocity of 100 μl/min. Signal-to-noise ratios (SNR) were 
calculated as SNR =  IDNA−Ibackground/Inoise, where IDNA is 
the fluorescence signal on the DNA, Ibackground is the back-
ground intensity baseline (measured as the intensity on the 
background, i.e., where no DNA is present), and Inoise is the 
standard deviation of the background signal and represents 
the noise level of the measurement.

For SYTOX green experiments, λ-DNA was first teth-
ered to the surface and imaging buffer with different 
SYTOX green concentrations was added a posteriori. Due 
to the slow reported binding kinetics of YOYO-1 by gel-
electrophoresis (Carlsson et  al. 1995), λ-DNA was first 
incubated for ~120 min outside the observation chamber at 
the desired YOYO-1 concentration, then introduced into the 
micro-fluidics chamber, allowed to bind to the surface, and 
stretched by flow with a solution having the same concen-
tration of dye as that used for the incubation.

Kymographs were constructed from movies of dye-
stained single DNA molecules by applying the ImageJ 
plugin ‘MultipleKymograph’ (http://www.embl.de/eamnet/
html/body_kymograph.html) with a line thickness of three 
pixels. Intensity vs. time traces were obtained by drawing 
a region of interest (ROI) around single DNA molecules 
(which contained as little background as possible) and inte-
grating the total fluorescence signal in each frame. For each 
movie, the background was estimated by the same proce-
dure with a similar sized-ROI placed on the background 
nearby the DNA molecule.

The cumulative probability of producing dsb was cal-
culated by: (1) determining the times at which each single 
DNA molecule was breaking in a single field of view, (2) 
calculating the cumulative sum of broken DNA molecules 

vs. time, (3) dividing the cumulative sum by the total 
number of DNA molecules in the field of view (often, for 
SYTOX green samples, not all molecules were broken) 
to obtain that cumulative probability. The number of mol-
ecules broken per unit time in a field of view (ni,b) was esti-
mated by the slope of the cumulative sum. The mean num-
ber of molecules broken per unit time (nb) was calculated 
by the averaging ni,b over several fields of view (5–7, each 
containing 20–30 DNA molecules).

Magnetic tweezers experiments

The magnetic tweezers setup consists of an inverted micro-
scope (AxioObserver, Zeiss, Germany) equipped with 
a Plan Fluor 100×/1.45 NA objective (Zeiss, Le Peck, 
France) mounted on a closed-loop piezoelectric stage 
(NanoF100, MCL, Madison, WI, USA) with nanom-
eter resolution. Permanent magnets (custom made) are 
mounted on a fast, sub-micron-resolution motorized stage 
(PI, Karlsruhe, Germany). The flow cell was mounted on 
an x–y motorized stage (ASI, Eugene, OR, USA). Imag-
ing was performed with an EM-CCD camera (Ixon, Andor, 
Belfast, Ireland). Camera exposure time was 1  ms. Data 
were acquired and analyzed by using homemade software 
written in Labview (National Instruments; Austin, TX) 
(Nollmann et  al. 2007). Dynamic changes in DNA exten-
sion were measured in real time at 50  Hz by comparing 
the bead diffraction ring pattern with a previously cali-
brated set of images taken at known focal displacements. 
To ensure accuracy of our extension measurements, each 
experimental setup was individually calibrated by an auto-
mated routine.

An uncoated microfluidics chamber was incubated with 
5 mg/ml biotin-BSA (Sigma-Aldrich, St Louis, MO, USA) 
for ~2 h, then washed with an excess of phosphate saline 
buffer (PBS, over 1  ml) and incubated with 0.2  mg/ml 
streptavidin for ~10 min. Biotin and DIG labeled 14.7-kb 
DNA (Nollmann et al. 2007) was incubated with anti-DIG-
functionalized magnetic beads of 1 μm (My One Beads, 
Dynabeads, Thermo Fisher Scientific) in binding buffer 
(10  mM Tris pH 7.5, 500  mM NaCl, 1  mg/ml BSA) for 
20 min to allow bead attachment at one end of the DNA. 
DNA-incubated beads were loaded into the fluidics cham-
ber at 50 μl/min and allowed to incubate for 20 min to ena-
ble DNA attachments. Unbound beads were washed out of 
the chamber by passing ~1 ml of binding buffer at a flow 
velocity of 100 μl/min. The chamber was then flushed with 
running buffer (10 mM Tris pH 7.5, 20 mM NaCl, 1 mg/
ml BSA) containing SYTOX green at 1 μM concentration.

To quantify the changes in elastic properties of DNA 
upon dye binding, we fitted the experimental force-exten-
sion curves to the worm-like chain model (WLC) (Marko 
and Siggia 1994) (Table 1):

http://www.embl.de/eamnet/html/body_kymograph.html
http://www.embl.de/eamnet/html/body_kymograph.html
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where F is the external force, x the extension, L0 the end-
to-end distance (contour length), and Lp the persistence 
length.

Mean persistence length values and standard error for 
bare DNA and SYTOX green bound DNA were obtained 
from a least ten single DNA molecules in independent 
measurements.

SYTOX green equilibrium binding

SYTOX green and λ-DNA were dissolved and diluted in 
the same buffer used for TIRFM experiments. λ-DNA and 
SYTOX green concentrations were determined by measur-
ing light absorption at 260 and 504 nm, respectively, using 
an absorbance unit (A260) of 50 µg ml−1 for λ-DNA and a 
molar extinction coefficient (ε504) of 6.7 × 103 M−1 cm−1 
for SYTOX green. The binding equilibrium at 25  °C was 
studied by fluorescence emission of SYTOX green at 
530  nm following excitation at 488  nm as a function of 
increasing SYTOX green concentrations (1–1.4  µM) and 
constant DNA concentration (250  nM in bp). The fluo-
rescence of these samples (Fb) and reference samples, 
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prepared using the same SYTOX green concentrations but 
with a 100-fold excess of DNA (F0) were registered. Since 
the quantum yield of free SYTOX green in buffer is negli-
gible and assuming that in a 100-fold DNA excess all the 
dye is bound, the average number of occupied binding sites 
(dye molecules per base pair), 〈n〉, and the concentration of 
free SYTOX green, [Sytox]f, can be calculated according to 
Daniel and Weber (Daniel and Weber 1966):

where [Sytox]T and [bp]T correspond to the total concentra-
tion of SYTOX green and base pairs of DNA, respectively.

Results

SYTOX green displays rapid DNA binding kinetics 
and slow light‑induced photobleaching

To characterize the mechanism of DNA binding by 
SYTOX green and quantify its properties as a DNA stain-
ing agent for single-molecule experiments, we immobilized 
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Table 1   List of symbols employed in this work

Symbol or  
abbreviated name

Extended name Physical meaning Units

kapp Apparent association rate constant Association rate of SYTOX green to DNA. kapp depends on the ‘effec-
tive’ association rate constant (kon), ligand concentration and dissocia-
tion rate constant (koff). Experimentally, ligand concentrations and 
temporal resolution are chosen to favor the conditions in which kapp 
will reflect closely kon

1 s−1 M−1

〈n〉 Average number of  
occupied binding sites

Number of dye molecules per base pair –

K
nH
Sytox

Apparent association constant Apparent association constant for the SYTOX green–DNA complex as 
defined in the Hill model

M

nH Hill coefficient Empirical coefficient that takes into accounts the non-hyperbolic 
behavior in binding isotherms (conventionally referred as cooperative 
behavior)

–

N – Represents the number of SYTOX green binding sites per base pair –

Ks Intrinsic binding constant Intrinsic binding constant of SYTOX green for DNA as defined in the 
McGhee and von Hippel model

M−1

w – Cooperativity parameter that specifies the relative affinity of an incoming 
ligand for a contiguous occupied site as opposed to an isolated binding 
site as defined in the McGhee and von Hippel model

–

F External force Force applied on DNA in magnetic tweezers experiments, calculated 
from the measurement of DNA extension and the mean square dis-
placement of the magnetic bead particle

pN

Lp Persistence length Mechanical property quantifying the stiffness of a polymer (e.g., for 
DNA in vitro Lp ~50 nm)

nm

L0 End-to-end distance of DNA Contour length of DNA nm



341Eur Biophys J (2015) 44:337–348	

1 3

the biotin-labeled 5′-end of single λ-DNA molecules on 
a PEGylated surface and stretched them by using flow 
force in a custom-made micro-fluidics chamber (Fig.  1a). 
SYTOX green/YOYO-1 were excited by the 488-nm line 
of an Ar-laser by TIRF illumination and fluorescence 
emission was detected by wide-field imaging on a sensi-
tive emCCD camera (Fig. 1b). First, we characterized the 
DNA binding kinetics of SYTOX green by continuously 
monitoring the increase of fluorescence signal of unstained, 
surface-tethered λ-DNA molecules upon addition of a low 
concentration of SYTOX green (10 nM in imaging buffer). 
Real-time imaging of single DNA molecules shows a lag 
phase followed by rapid increase in fluorescence signal that 
saturates after ~50 s (Fig. 2a). Longer incubation times did 
not lead to any further increase in fluorescence (data not 
shown). From these images, the mean fluorescence signal 
per DNA molecule was calculated as a function of time 
(see “Materials and methods”). Figure 2b shows a typical 
fluorescence time-course with two well-defined phases. 
The first and slower phase corresponds to the arrival of dye 
after injection and may be affected by dye diffusion at the 
buffer barrier, incomplete mixing close to the surface, and 
initial dye depletion due to non-specific adsorption (lag 
time in Fig. 2b). We assume that binding of SYTOX green 
to DNA follows pseudo-first-order kinetics; thus we fit 
the increase in fluorescence signal observed in the second 
phase with a mono-exponential function of the form:

where t is time, I(t) is the time-dependent fluores-
cence intensity signal, I0 is the baseline intensity, IF is the 
final intensity, and τ is the time constant. The data can 
be well fit by a single exponential function (Fig.  2b, red 
solid line), and 1/τ increases linearly with SYTOX green 
concentration (Fig.  2c), suggesting a bi-molecular reac-
tion with a single rate-limiting kinetic step. The appar-
ent association rate constant can be obtained from the 
slope of 1/τ as a function of concentration, and results in 
kapp = (1.5 ± 0.5) × 106 s−1 M−1. It must be noted that in 
our experimental conditions this apparent association rate 
[i.e., kapp ~ kon × (SYTOX Green) + koff] will give solely 

(1)I(t) = IF − (IF − I0)e
− t

τ

an indirect estimation of the effective association rate (kon). 
However, this apparent rate is considerably slower than the 
diffusion rate for small molecules in solution (estimated at 
~108 s−1 M−1 from the Smoluchowski equation) and could 
thus represent the rate of intercalation and conversion to a 
fluorescence-proficient complex after a fast diffusion-lim-
ited initial DNA association. The fluorescence signal from 
DNA-bound SYTOX green at equilibrium depends on ionic 
strength (Supplementary Fig. 1), consistent with an initial, 
diffusion-limited association step involving electrostatic 
interactions.

Next, we investigated the photobleaching rate of DNA-
bound SYTOX green and compared it to that of DNA-
bound YOYO-1 (both dyes at 40 nM, 1  W/cm2). In our 
conditions, YOYO-1 shows a small but noticeable pho-
tobleaching of the original intensity in a time scale of 
tens of seconds without recovery (Fig. 2d, bottom panel). 
The rate of YOYO-1 photobleaching can be considerably 
reduced in ROXS buffer (Reuter and Dryden 2010), but 
these conditions were often incompatible with PEG-coat-
ing due to condensation of DNA (Supplementary Fig.  2). 
In contrast, SYTOX green shows very little photobleach-
ing as shown by time-lapse imaging over the same time 
period (Fig. 2d, top panel) and no DNA condensation was 
observed. Quantification of intensity signals from single 
DNA molecules at different times (Fig.  2e and Supple-
mentary Fig. 3) shows that fluorescence from DNA-bound 
SYTOX green remains constant over relatively long peri-
ods of time (>40  s) with >5 % loss in signal due to pho-
tobleaching, while fluorescence emission from DNA-bound 
YOYO-1 decreases <30 % in the same time period.

Light‑induced DNA cleavage by SYTOX green

The investigation of protein–DNA interactions by single-
molecule fluorescence imaging requires the monitoring of 
fluorescence signals from both protein and DNA with a 
sufficiently high signal-to-noise ratio (SNR) for long peri-
ods of time (~min). High concentrations of DNA labeling 
agents, however, produce DNA damage through a photo-
cleavage reaction that involves the generation of reactive 

Fig. 1   a TIRFM experimental 
design. Individual biotin-labeled 
λ-DNA molecules were immo-
bilized in the PEGylated surface 
of a microfluidics chamber and 
stretched by using flow force. 
SYTOX green/YOYO-1 were 
excited at 488 nm by TIRF 
illumination. b Example of a 
typical field of view of λ-DNA 
stained with SYTOX green
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singlet oxygen and fluorophore radicals that attack DNA to 
produce ssb (Paillous and Vicendo 1993; Sangeetha Gowda 
et  al.  2014). The accumulation of random ssb produces 
dsb that are observable in our experiments as shortening of 
DNA molecules (Fig. 2d). First, to characterize the degree 
of DNA damage by SYTOX green, we measured the per-
centage of broken DNA molecules at fixed imaging times 
(40 s) and a laser power of 5 W/cm2. The cumulative per-
centage of DNA molecules broken was plotted as a func-
tion of time (cumulative probability). These plots show that 
the number of broken DNA molecules increases consider-
ably with SYTOX green concentration (Fig. 3a). Notably, 
a considerably larger number of DNA molecules break for 
YOYO-1-stained DNA even at concentrations four times 
lower than the maximum SYTOX green concentration 
employed (80 and 20 nM, respectively). At this laser power, 
at the lowest concentrations tested (10 nM), only ~10 % of 
DNA molecules break when stained with SYTOX green 
compared to 67 % for YOYO-1 staining. Furthermore, the 

concentrations at which half the number of DNA molecules 
is degraded is eight times higher for SYTOX green than for 
YOYO-1 (c0.5

YOYO-1 = 5 nM, and c0.5
sytox = 40 nM, Supplemen-

tary Fig. 4), consistent with a much lower degradation rate 
of DNA by SYTOX green. Next, we measured the average 
number of broken DNA molecules per unit time (nb) as a 
function of dye concentration (Fig. 3b). For both dyes, nb 
increases linearly with concentration, with SYTOX green-
stained molecules breaking consistently at a rate ~5 times 
lower than YOYO-1-stained DNA independently of dye 
concentration.

DNA photodamage depends linearly on the power used 
to excite fluorescent intercalators in its DNA-bound state 
(Tycon et al. 2012) and consequently affects the total time a 
single DNA molecule can be imaged without degradation. 
We characterized the DNA photodamage dependence on 
laser power at fixed SYTOX green and YOYO-1 concentra-
tions (40 nM) by measuring the cumulative probability of 
DNA breakage and the number of DNA molecules broken 

Fig. 2   a–c Real-time imaging of SYTOX green binding kinetics. 
a Sequential images of single molecules of stretched λ-DNA after 
injection of 10 nM of SYTOX green. White line represents the scale 
bar. b SYTOX green fluorescence time-course. The mean integrated 
fluorescence intensity of a single DNA molecule was calculated and 
plotted vs. time (black circles). Solid red line represents the fitting 
of Eq. (1) to experimental data. The lag time before increase in fluo-
rescence signal is indicated. c The inverse of the characteristic time 
(τ), obtained from the fitting of Eq.  (1) to time courses, was plotted 
as a function of SYTOX green concentration (green squares). From 
the linear fitting to the experimental data (solid black line), the appar-
ent association rate was calculated (see main text). d Photobleaching 

properties of SYTOX green (top panel) and YOYO-1 (bottom panel). 
After equilibration, wide field images of stained samples were col-
lected during 40 s at 100 ms per frame rate. Kymographs were con-
structed from images of single DNA molecules. White arrows indi-
cate the breakage of the DNA tether. e YOYO-1 and SYTOX green 
photobleaching kinetics. The normalized mean fluorescence intensi-
ties (grey lines) of single DNA molecules stained with either dye are 
plotted as a function of time. Solid lines represent the mean fluores-
cence intensity averaged over five frames. DNA mean fluorescence 
intensity was background subtracted and normalized by the fluores-
cence signal at time zero
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per second as a function of increasing excitation intensities 
(Fig.  3c, d). At low power densities (1 W/cm2), very low 
photo damage is observed for SYTOX green-stained DNA 
molecules over the entire imaging period (40  s). Under 
these conditions, nb is extremely low (~0.07 molecules/s) 
and the signal-to-noise ratio (~6) remains relatively high 
(Supplementary Fig.  5). This allows imaging of single 
DNA molecules for minutes without detectable dsb or 
photobleaching at a reasonably high frame rate (10  Hz) 
and with a reasonably high signal-to-noise ratio (Supple-
mentary Figs. 3, 5). At higher excitation powers, the SNR 
increases (Supplementary Fig.  5) but both the total num-
ber of broken DNA molecules (Fig. 3c) and the number of 
broken DNA molecules per unit time increase considerably 
(Fig.  3d). In contrast, we observe that even at the lowest 
power densities, most DNA molecules stained with 40 nM 
YOYO-1 degrade over the same imaging period and show a 
high rate of dsb (compare ~0.5 molecules/s for YOYO-1 vs. 
0.07 molecules/s for SYTOX green, at 1 W/cm2) (Fig. 3c, 
d). At higher power densities, all YOYO-1-stained DNA 

molecules break within a few seconds and could not be 
employed for this analysis.

Mechanism of DNA binding by SYTOX green

SYTOX green has been described as a DNA staining agent 
that increases its fluorescence emission signal when bound 
to DNA, but it is not known whether the binding mecha-
nism involves DNA intercalation. To address this question, 
we implemented a magnetic tweezers assay (Nollmann 
et al. 2007) to monitor whether DNA binding by SYTOX 
green changes the extension and mechanical properties 
of DNA. Briefly, ~14.7-kbp DNA molecules (4.98 μm in 
length) are attached to a glass coverslip and a magnetic 
bead by biotin-streptavidin and digoxygenin/anti-digoxy-
genin interactions (see “Materials and methods”). Tethers 
used in these experiments contained specifically engineered 
DNA nicks and therefore were unable to sustain topologi-
cal constraints. A permanent magnet is used to stretch DNA 
in the optical axis (z), and different tensions are applied by 

Fig. 3   a–b Effect of dye concentration on production of dsb. a The 
cumulative probability of production of dsb is plotted as a function 
of time for different SYTOX green (green curves) concentrations 
and a fixed concentration of YOYO-1 (red curve). b The mean num-
ber of DNA molecules with dsb per second (nb) as a function of dye 
concentration is depicted (SYTOX green, green circles; YOYO-1, 
red squares). c–d Effect of laser power in the production of dsb. c 
Cumulative probability of production of a dsb is plotted as a func-
tion of time for SYTOX green and YOYO-1 (green and red traces, 

respectively). d The mean number of dsb per second as a function of 
laser power is displayed (SYTOX green, green circles; YOYO-1, red 
square). Higher laser powers could not be explored for YOYO-1 due 
to the extremely fast breakage of DNA molecules. In panels c and d, 
both dye concentrations were fixed at 40 nM. Each curve and data 
points in panels a–c and b–d, respectively, were obtained from fields 
of view containing at least ~20–35 molecules. Solid lines in panels 
b–d are a guide to the eye
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varying the position of the magnets relative to the coverslip 
along the z direction (Fig.  4a). Real-time 3D tracking of 
the bead is performed through image analysis as described 
elsewhere, with changes in the height representing changes 
in DNA extension (Nollmann et al. 2007).

In order to determine if intercalation of SYTOX green 
changes the mechanical properties of DNA, force-exten-
sion curves (FEC) of single DNA molecules were meas-
ured at saturating concentration of SYTOX green (1 μM, 
see below equilibrium binding) by calculating the end-
to-end extension of each DNA molecule as a function of 
force. In the absence or presence of SYTOX green, the 

represents the number of SYTOX green binding sites per 
base pair, and KnH

Sytox the apparent association constant for 
the SYTOX green–DNA complex. SYTOX green binds 
to DNA with high affinity (Kd =  1/KnH

Sytox =  40 nM) and 
in a cooperative manner (nH ~ 2). From the average num-
ber of occupied sites at saturation (0.27 ±  0.01), we can 
calculate a minimal size of SYTOX green binding site of 
3.7 ± 0.1 bp.

To further evaluate the DNA–SYTOX green binding 
behavior, we employed the neighbor exclusion model for 
cooperative systems developed by McGhee and von Hippel 
(McGhee and von Hippel 1974) (Table 1):

force-extension curves can be well fit by a worm-like chain 
model (Bustamante et  al. 1994) (Fig.  4b). In the absence 
of SYTOX green, the persistence length (Lp) is 50 ± 5 nm 
and the full extension 4.9 ±  0.1 μm, consistent with the 
expected crystallographic length of the molecule (4.99 μm) 
and literature values for the persistence length of DNA 
in 10  mM phosphate saline buffer (51 ±  2  nm) (Bouch-
iat et  al. 1999). In the presence of saturating amounts of 
SYTOX green, the length of the molecule increased to 
7.1 ± 0.1 μm, indicating a 43 % increase in length, while 
the persistence length remained at 52 ± 5 nm. This increase 
in DNA length strongly suggests that SYTOX green inter-
calates between consecutive base pairs (Coury et al. 1996; 
Sischka et  al. 2005) while it does not affect the elastic 
properties of DNA.

To further characterize the binding mechanism of SYTOX 
green, we performed bulk fluorescence measurements in 
which we measured the equilibrium fluorescence signal 
increase as a function of SYTOX green concentration. Our 
results show that the average number of occupied sites, rep-
resenting the average number of dye molecules per base pair, 
increases as a function of free dye concentration (Fig. 4c). 
The fluorescence signal increases ~1500-fold upon interca-
lation, and binding saturation was achieved with SYTOX 
green concentrations above 800 nM. Different binding 
mechanisms were evaluated (single and multiple independ-
ent sites assuming identical quantum yields) and the best fit 
was achieved when using a Hill equation (Table 1):

where nH represents an empirical coefficient that takes into 
account the non-hyperbolic behavior (Hill coefficient), N 

(2)� n � =
N[Sytox]

nH

f
1

K
nH
Sytox

+ [Sytox]
nH

f
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� n �

[Sytox]f
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]2

R =

{

[1 − (l + 1) < n >]2 + 4ω < n > (1 − l < n >)

}

1/2

where l represents the binding site size of SYTOX green 
(in units of nucleotide residues or base pairs); Ks the intrin-
sic binding constant and ω the cooperativity parameter that 
specifies the relative affinity of an incoming ligand for a 
contiguous occupied site as opposed to an isolated bind-
ing site (Kowalczykowski et  al. 1986). When re-plotting  
〈n〉/[Sytox]f as a function of 〈n〉, the Scatchard plot shows 
positive slopes at low binding ratios (inset Fig. 4c) confirm-
ing the existence of positive cooperativity (Chaires 2001) 
as suggested by the Hill model. Fitting of Eq.  (3) to the 
experimental data yielded a binding site size of 3.5 bp/dye 
in good agreement with that obtained by the Hill model 
(3.7  bp/dye). The positive value of ω (24.6) is consistent 
with cooperative binding, while the product of the coop-
erativity parameter and Ks allows for the calculation of a 
total apparent affinity of 2 ×  107 M−1 (Kd  ~  48 nM), in 
very good agreement with the values obtained by the Hill 
approach.

From our measurements, the DNA elongation per 
intercalated SYTOX green molecule can be estimated as 
[z(csat) − z0] × I/nbp = (2.16 μm) × 3.5 bp/14.7 × 103 bp 
~0.51  nm/dye, where [z(csat) − z0] is the fractional DNA 
length increase at saturation dye concentration (csat = 800 
nM), I is the binding site size in base pairs, and nbp is the 
total number of base pairs in DNA. Thus, the intercalation 
of a single SYTOX green molecule increases the average 
distance between base pairs by ~0.17 nm/dye.

Discussion

Here, we use single-molecule fluorescence and manipula-
tion to investigate the binding mechanism and fluorescence 
emission properties of the DNA labeling agent SYTOX 
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into a fluorescence-proficient complex that involves DNA 
intercalation. The formation of an intercalated SYTOX 
green–DNA complex requires large conformational transi-
tions occurring simultaneously both in DNA and the dye, 
thereby providing a rationale for the existence of a transient 
non-fluorescent complex and a sequential mechanism with 
a slow step. A second and alternative hypothesis for the 
reduced rate of the second step is that only dye molecules 
having a favorable orientation (i.e., parallel to the DNA 
bases) can bind stably and therefore only a fraction of the 
total collisions of SYTOX green with DNA results in inter-
calated/fluorescent complexes. Binding mechanisms involv-
ing two states were proposed in the past for bis-intercalators 
(Murade et al. 2009), and more recently for mono-intercala-
tors (YO-1) (Paik and Perkins 2012).

Single-molecule DNA imaging requires the ability to 
detect DNA for long periods of time, a need that is counter-
acted by both photobleaching and photo-damage. Bis-inter-
calators such as YOYO-1 were proposed to photobleach 
by a mechanism that involves quenching of the dye fluo-
rescence by modified DNA bases, and thus the use of con-
ventional ROS scavengers did not considerably reduce the 
degree of photobleaching (Kanony et  al. 2001). In par-
ticular, photobleaching becomes acute in single-molecule 
experiments as it is not possible to restore the fluorescence 
of intercalator-saturated DNA samples by re-staining after 
photobleaching, probably due to the slow off-rate of bis-
intercalators (Baumann et  al. 1997; Kanony et  al. 2001). 
Interestingly, our experiments have shown a lower degree 
of effective photobleaching (i.e., the combination of ‘true’ 
photobleaching and binding dynamics) for SYTOX green- 
than for YOYO-1-stained DNA. This phenomenon can be 
explained by the faster dynamics of SYTOX green-DNA 
association (τ ~10  s at 40 nM SYTOX green) and disso-
ciation times [1/koff = 1/(kapp × Kd) ~15 s] with respect to 
the intrinsic rate of SYTOX green photobleaching. These 

Fig. 4   a Scheme depicting the magnetic tweezers setup used. A 
double-stranded DNA molecule (black line) is tethered between a 
glass slide and a magnetic bead. Tension on the DNA molecule is 
introduced using magnets and the DNA extension change after injec-
tion of SYTOX green (right panel) is monitored by the change in 
height (Δz) of the magnetic bead. b SYTOX green does not affect 
the elasticity of DNA. Force-extension curves (FEC) for bare DNA 
(grey circles) and for SYTOX green-bound DNA (green squares, con-
centration = 1 μM). c SYTOX green-DNA equilibrium fluorescence 
binding isotherm. The average number of occupied binding sites (or 
dye molecules per base pair) and the free ligand concentration were 
calculated using Eqs. M2 and M3 (see “Materials and methods”). The 
continuous line is the graphical representation of Eq. (2) with best fit-
ting parameter values N = 0.27 ± 0.01, KnH

Sytox =  (2.5 ± 0.4) × 107 
M−1 and nH =  2.1 ±  0.5. Inset shows the Scatchard representation 
of the SYTOX green-DNA binding isotherm. Solid line shows the 
graphical representation of the McGhee–von Hippel neighbor exclu-
sion model with added ligand–ligand cooperativity (Eq.  3) with the 
best fitting parameters described in the main text

◂

green. SYTOX green has a high affinity for DNA (Kd = 40 
nM) and its apparent association rate in TIRF imaging con-
ditions is relatively fast (1.5 × 106 M−1 s−1). At the dye con-
centration used in this study, the diffusion-limited associa-
tion time constant is expected to be ~0.1 s, much faster than 
the time constants measured (10–50  s). Thus, the produc-
tion of a fluorescence-proficient SYTOX green–DNA com-
plex could involve at least two steps: (1) rapid association 
to DNA by three-dimensional diffusion, which most prob-
ably involves binding of the dye to the phosphate chain pri-
marily through electrostatic interactions, and (2) conversion 
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dynamics are such that DNA-bound SYTOX green mole-
cules can rapidly exchange with free, fluorescent-proficient 
molecules from bulk solution, leading to a stationary state 
in which DNA is constantly replenished with unbleached 
molecules and thus conserves its fluorescence signal for 
long periods of time.

The damage produced by the excitation of fluores-
cent DNA intercalators has been extensively investigated. 
Monomeric and dimeric dyes degrade DNA not by directly 
producing double-strand breaks but rather by the accumula-
tion of single-strand breaks that eventually produce dsDNA 
cleavage. Both externally bound and intercalated dyes were 
shown to trigger ssb by mechanisms that are singlet oxy-
gen-dependent or independent (Akerman and Tuite 1996). 
The rate of dsb by bis-intercalators was shown to be con-
siderably higher than that of mono-intercalators due to their 
slower dissociation rate, which allows them to repeatedly 
attack the phosphoribose backbone ~5–6  bp away from 
their binding site (Akerman and Tuite 1996). Photocleav-
age by intercalated dyes can be inhibited by adding ROS 
scavenging reagents (such as β-mercaptoethanol, or glu-
cose oxidase/catalase), but particularly for YOYO-1 these 
reagents trigger DNA condensation (Kuyper et  al. 2003) 
and promote non-specific interactions with the passivated 
surface (Supplementary Fig. 2) due to local solution acidi-
fication induced by the oxygen scavenging system (Shi 
et al. 2010). To avoid the latter, YOYO-1-stained DNA can 
be imaged in the presence of DTT (but in absence of other 
ROS scavengers). However, this leads to important DNA 
cleavage rates due to the accumulation of a large num-
ber of ssb that become apparent in the microscope in the 
form of an observable dsb [typically assumed to be ~20–70 
ssb per dsb as observed from agarose-gels electrophore-
sis measurements (Akerman and Tuite 1996; Krisch et al. 
1991; Prise et  al. 2000)]. In addition to reducing imaging 
time, these effects could have an effect on the properties of 
DNA, and the binding and movement of proteins on it. In 
contrast, our results show that the rates of dsb by SYTOX 
green in the absence of ROS scavengers are at least four 
times lower than those of YOYO-1 without any DNA con-
densation, making it a better-suited dye for single-mole-
cule microscopy, especially for methods that require DNA 
immobilization onto a passivated surface, such as TIRFM. 
These results are consistent with the fivefold difference in 
the rates of dsb previously observed between mono-interca-
lators (YO-1) and YOYO-1 (Akerman and Tuite 1996), and 
suggest that dsb by SYTOX green does not involve repeated 
attack of the phosphoribose backbone close (~5–6  bp) to 
their binding site as observed for bis-intercalators.

Next, we used magnetic tweezers and ensemble bind-
ing assays to investigate the mechanism of DNA binding 
of SYTOX green. First, we showed that at equilibrium 
SYTOX green occupies a minimum of ~3.5  bp. These 

values are in agreement with those reported for other 
monointercalators, such as ethidium bromide (~2.4–3  bp) 
(Vladescu et  al. 2007), and YO-1 (~4  bp) (Murade et  al. 
2009), or for bis-intercalators such as YOYO-1 (3.2  bp) 
(Günther et  al. 2010) or triostin A (4  bp) (Kleimann 
et  al. 2009). Secondly, we showed that upon intercala-
tion of SYTOX green, the extension of the DNA molecule 
increases by ~43  %, which is consistent with fractional 
elongations reported for other intercalators (17–47  %) 
(Chaurasiya et  al. 2010). By combining the binding site 
size and the fractional elongation, we can calculate that 
intercalation of SYTOX green increases the DNA length by 
0.51 nm/dye = 1.5 bp/dye. This elongation of DNA upon 
intercalation is larger than that reported for other mono-
intercalators, such as ethidium bromide (0.27–0.34 nm/dye) 
(Chaurasiya et  al. 2010; Coury et  al. 1996; Sischka et  al. 
2005; Vladescu et al. 2007) or YO-1 (0.32 nm/dye) (Chau-
rasiya et al. 2010; Murade et al. 2009), and similar to that 
reported for bis-intercalators such as YOYO-1 (0.54  nm/
dye) (Günther et  al. 2010) or triostin A (~0.44  nm/dye) 
(Kleimann et al. 2009). Further information on the specific 
chemical structure and valence of SYTOX green will be 
needed to explain this discrepancy.

We found that intercalation by SYTOX green does not 
modify the persistence length of the DNA molecule. Pre-
vious optical tweezers studies using high-force stretching 
(~50 pN) and high salt concentrations (~150  mM) have 
reported a ~25 % reduction in the persistence length upon 
intercalation of monomeric dyes such as ethidium bromide 
(Sischka et  al. 2005) or YO-1 (Murade et  al. 2009; Sis-
chka et  al. 2005) and even a larger decrease for YOYO-1 
(Murade et  al. 2009; Sischka et  al. 2005). The high salt 
concentrations and high DNA stretching forces used in 
those studies led to a slow, out-of-equilibrium incorpo-
ration of dye during stretching, thus changing the bind-
ing equilibrium and reducing the apparent persistence 
length (Günther et  al. 2010). In contrast, and similarly to 
our results, constant-force magnetic tweezers experiments 
performed at low stretching forces (<10 pN) and low ionic 
strength (18  mM sodium ions) showed no change in the 
persistence length of YOYO-1 upon intercalation (Günther 
et al. 2010). In that study, two hypotheses were introduced 
to explain this result. The first invoked a compensation 
between two effects: (1) a decrease in persistence length 
induced by reduction in electrostatic inter-segment repul-
sion upon YOYO-1 binding leading to increased DNA 
flexibility, and (2) an increase in persistence length due 
to additional stiffening induced by bis-intercalation. The 
second hypothesis proposed that the electrostatic changes 
induced by YOYO–1 binding to DNA do not influence its 
persistence length, as the persistence length of bare DNA 
is mostly independent of ionic strength (at monosalt con-
centrations larger than 10 mM) (Baumann et al. 1997). Our 
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results do not support the first hypothesis, which requires 
the proposed stiffening provided by bis-intercalators, and 
is fully consistent with the second model by which charge 
compensation upon complexation of DNA intercalators 
such as SYTOX green do not affect the mechanics of DNA.

Previous binding studies of DNA labeling agents have 
used relatively high concentrations (i.e., in the μM range) of 
bound intercalator and in non-equilibrium conditions (e.g., 
electrophoresis gels), concealing perhaps important details 
of the binding mechanism. Here, by employing low concen-
trations of SYTOX green, we show the existence of positive 
cooperativity in its binding to DNA. Positive cooperativity 
has been previously observed for several DNA intercalat-
ing binding drugs (e.g., m-AMSA, actinomycin, anthra-
cenedione (Elmore et al. 1988). Additionally, by employing 
molecular dynamics simulations including entropic effects, 
Trieb et al. (2004) showed that the Gibbs free energy neces-
sary to form a single intercalation site in DNA by a monoin-
tercalator is 32.3 kcal/mol, whereas for the formation of two 
sites it is 54.4 kcal/mol, indicating that the formation of a 
DNA cavity costs less energy, if a second intercalator joins 
the first. The absence of the molecular structure of SYTOX 
green makes it difficult to speculate on the physicochemi-
cal properties that dictate the cooperativity mechanism (e.g., 
stabilizing charge distribution between base pairs).

Conclusions

Single-molecule microscopy methods allow obtaining 
mechanistic insight of protein–DNA interactions that can-
not be normally observed by ensemble methods. These 
approaches require, in most cases, direct labeling of DNA 
and proteins with fluorescent compounds that may affect 
DNA structure and mechanical properties, enzymes activi-
ties, and introduce light-induced damage to the biomol-
ecules of interest. Finding new fluorescent compounds that 
allow optimal imaging conditions while introducing mini-
mal perturbations to the system under study is of outmost 
importance.

In this work, we studied a fluorescent dye, SYTOX 
green, which allows for a significant simplification and 
shortening of the DNA staining protocol, including in 
situ labeling, while improving imaging conditions with-
out affecting DNA mechanical properties. Specifically, 
we determine that SYTOX green: (1) binds DNA rapidly 
in a process that involves electrostatic interactions; (2) has 
a good signal-to-noise ratio, even at low concentrations, 
(3) shows a low photobleaching rate; (4) induces fourfold 
lower light-induced DNA degradation than that observed 
for bis-intercalators, such as YOYO-1; and (5) binds DNA 
by intercalating cooperatively with a 3.5-bp binding site 
size, and an increase in DNA length upon binding of 43 %.

Our results suggest that SYTOX green represents a valu-
able alternative to conventional fluorophores employed for 
single-molecule imaging. The rapid binding kinetics, high 
photo-stability, low DNA-damaging rates, and mild effect 
over the mechanical properties of DNA make SYTOX 
green a rather appealing and advantageous choice for sin-
gle-molecule and single-cell microscopy and other methods 
requiring sensitive detection and low perturbation of DNA. 
Our characterization of the photo-damage and mechanical 
properties of SYTOX green-complexed DNA will be of 
use for the interpretation of single-molecule experiments 
using SYTOX green as an intercalating dye. Further stud-
ies should confirm if the advantages we found for SYTOX 
green could be extrapolated to other molecules of the 
SYTOX family spanning the visible spectrum.
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