Hybridization kinetics is different inside cells
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DNA 兩 in vivo 兩 molecular crowding 兩 temperature oscillation 兩
optical lock-in microscopy

H

ow does a cell react to a certain stimulus? Numerous
biochemical reactions are orchestrated in both space and
time to transmit and process information between different
locations inside a single cell. In the past, studies of signaling
networks focused on the identification of molecules, their binding partners, and different mechanisms of action. Such typically
static investigations in vitro are increasingly complemented by
imaging techniques in vivo (1–3) and computational systems
biology methods to model the dynamic response on several levels
(4–7). However, the necessary reaction rates are generally taken
from measurements in vitro because of the lack of quantitative
in vivo data (8). To fill this information gap, methods are needed
to measure the reaction kinetics in its natural context, namely
inside living cells.
Experimental knowledge about how reactions are influenced
by the intracellular environment is sparse. On one hand, molecules are densely packed in the cellular space and could potentially act as barriers for diffusion or restrict molecular motion.
These effects are subsumed under the loosely defined term
molecular crowding (9, 10). It is expected that molecular crowding affects equilibrium properties and reaction kinetics and
could impair the quantitative significance of existing models (8).
Often, anomalous diffusion is taken as an indicator of molecular
crowding (11, 12). But how it affects the kinetics of cellular
reactions has not been addressed experimentally. However,
selective interactions with reaction partners might significantly
modulate kinetics in vivo as compared with the situation in vitro.
Here, we describe a method termed temperature oscillation
optical lock-in (TOOL) microscopy for imaging reaction kinetics
in living cells with optical resolution. It allows us to compare
reaction kinetics in vivo with that in vitro. We apply the method
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0901313106

Principle of TOOL Microscopy
In general, ensemble measurements of reaction kinetics are
performed by perturbing the system with an external stimulus
and observing the relaxation behavior. The standard technique
is to measure the response to a small temperature jump (13, 14).
Here, we apply temperature oscillations instead of a jump (Fig.
1). At low oscillation frequencies, the concentrations of the
reaction partners follow the stimulus instantaneously and oscillate with the temperature. At higher frequencies where the
temperature oscillates faster than the reaction time constant, the
concentrations oscillate with a phase delay and diminished
amplitude. Both the delay time and the decreasing amplitude can
be evaluated to obtain the reaction time constant. Mathematically, the exponential relaxation of the reaction translates to a
transfer function in Fourier space that is used to fit the measurement data of a temperature oscillation protocol (see Eq. A1).
The concept of oscillatory signals is widely used in electrical
engineering and increasingly perceived as a useful tool to
characterize biological networks and chemical reactions (15–20).
The TOOL approach requires a fluorescent readout of the
reaction state (typically FRET) under external perturbation by
small, laser-induced temperature oscillations (Fig. 1). The signal-to-noise ratio of fluorescence detection can be improved
substantially by an optical lock-in scheme (21). Briefly, a frequency-locked stroboscopic illumination with four different
delay times highlights certain phases of the reaction and allows
retrieval of the amplitude and phase with a slow standard CCD
camera (Fig. S1). This approach has been successfully used to
image the conformational kinetics of a DNA hairpin (21). We
adapted the method for the investigation of reaction kinetics in
living cells (Fig. 1). Infrared laser light from below is absorbed
by a chromium layer on a highly thermally conductive substrate,
similar to previous approaches (22). HeLa cells can be seeded
directly onto these object slides and kept in standard cell culture.
Temperature oscillations with an amplitude of ⬇2.5 K and a
relaxation time constant of ⬇200 s are applied with a defocused
infrared laser as measured with temperature-sensitive fluorescence (see SI Text).
Results
Monitoring DNA Hybridization with FRET. The hybridization of two

complementary and antiparallel strands of nucleic acids is a
specific example for a reversible bimolecular reaction. We
monitored the opening and closing of 12- and 16-bp dsDNA
probes with an internal FRET pair (23) of rhodamine green
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to measure hybridization of short dsDNA probes in HeLa cells
and find clear indications for both accelerated and decelerated
kinetics compared with identical solution measurements.

PHYSICS

It is generally expected that the kinetics of reactions inside living
cells differs from the situation in bulk solutions. Macromolecular
crowding and specific binding interactions could change the diffusion properties and the availability of free molecules. Their
impact on reaction kinetics in the relevant context of living cells is
still elusive, mainly because the difficulty of capturing fast kinetics
in vivo. This article shows spatially resolved measurements of DNA
hybridization kinetics in single living cells. HeLa cells were transfected with a FRET-labeled dsDNA probe by lipofection. We characterized the hybridization reaction kinetics with a kinetic range of
10 s to 1 s by a combination of laser-driven temperature oscillations and stroboscopic fluorescence imaging. The time constant of
the hybridization depended on DNA concentration within individual cells and between cells. A quantitative analysis of the concentration dependence revealed several-fold accelerated kinetics as
compared with free solution for a 16-bp probe and decelerated
kinetics for a 12-bp probe. We did not find significant effects of
crowding agents on the hybridization kinetics in vitro. Our results
suggest that the reaction rates in vivo are specifically modulated by
binding interactions for the two probes, possibly triggered by their
different lengths. In general, the presented imaging modality of
temperature oscillation optical lock-in microscopy allows to probe
biomolecular interactions in different cell compartments in living
cells for systems biology.

Fig. 1. TOOL microscopy. An IR laser (wavelength 1,455 nm) is heating the
bottom of a cell culture chamber. Fast heat retraction is accomplished by a
silicon substrate and thin chamber dimensions. Both heating and epiillumination are modulated with a tunable phase shift  and imaged with a
standard CCD camera. AOM, acousto-optical modulator; L, lens; LED, lightemitting diode; F, filter; BS, beam splitter.

(RhG) and carboxyl-X-rhodamine (ROX). (Fig. 2A). Spacing at
a distance of seven bases and short linkers avoided contact
quenching (24). A BLAST search was performed with the
sequence of the 16-mer to minimize specific interactions with
genomic DNA or messenger RNA. Each strand was capped at
both ends by an enantiomeric cytosine (L-nucleotide) (25) to
suppress degradation by exonucleases (26). Lipofection was used
for DNA delivery into the cells (26).
Excitation of the donor resulted in two emission peaks at 530
and 610 nm (Fig. S5A). With increasing temperature, donor
fluorescence increased and FRET diminished; both yielding
sigmoidal melting curves with a melting temperature of 31 °C
(12-mer) and 35 °C (16-mer). As seen in Fig. 2 B, temperature
changes between 25 °C and 30 °C give rise to detectable fluorescence changes (gray underlay). The fact that the anticorrelated donor and FRET signals provide two separate measures
for the same hybridization reaction is a good control for the
origin of the signal.
The exogenous DNA probe was transferred into HeLa cells by
lipofection and confocal images were taken to visualize its
dissemination inside the cell (Fig. S5B). Both strands were evenly
distributed over the cytoplasm and showed an enhanced concentration inside the nucleus (26). An overlay of donor and
acceptor images showed that the two strands colocalized. The
detection of FRET demonstrated the presence of duplexes
throughout the cell and the stability of the labeled strands
against degradation.
Imaging of the Reaction Kinetics. We applied periodic heating
between 1 and 200 Hz to a cell transfected with the 16-mer and
measured the donor and FRET signals by the described lock-in
method. Both signals were then corrected against the temperature reference recorded in the vicinity of the cell (Fig. S4). The
donor signal (Fig. 2C) described a lower half-circle in the
complex plane that corresponds to a positive amplitude signal as
expected from the positive slope of the RhG melting curve (see
Fig. 2 B). The transition occurred at a time constant of ⬇35 ms.
At high frequency, the signal settled around ⫺0.8%/K that
represents the intrinsic temperature sensitivity of the RhG dye.
The FRET signal (Fig. 2D) shows negative amplitude in accordance with the negative slope of the FRET melting curve. The
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Fig. 2. Hybridization kinetics inside a single HeLa cell. (A and B) dsDNA probe
design: (A) Complementary strands were labeled with the FRET pair RhG
(donor) and ROX (acceptor) and left-handed chimeric cytosines at 3⬘ and 5⬘
ends to suppress degradation. Melting curves for the donor (green) and the
FRET (red) signals were anticorrelated and fitted by melting temperatures of
⬇31 °C for the 12-mer (squares) and ⬇35 °C for the 16-mer (circles), respectively. (C and D) Transfer function and best fit (red line) at frequencies 1–200
Hz for a single pixel (arrow in E) for the 16-bp probe. The reaction amplitudes
of the donor (C) and the FRET signal (D) show equal magnitude but opposite
signs. (E and F) Cellular maps of the hybridization time constant show highly
similar kinetics in both the donor and the FRET channel. (Scale bars: 10 m.) (G
and H) Histograms from nuclear (N) and cytoplasmic (C) regions (ellipses in E).
Within the error bars, donor and FRET signals yielded identical results. Values
are mean ⫾ SD.

fitted time constant of 28 ms was similar to that derived from the
RhG measurement. The residual temperature sensitivity of
⫺0.3%/K is expected from the mixed sensitivities of ROX and
RhG in the FRET channel. The good agreement of the fitted
characteristic temperature sensitivities and the anticorrelation of
the donor and FRET signals verify their origin in the hybridization reaction.
We reconstructed a cellular map of the reaction time constant
for the donor and the FRET signal (Fig. 2 E and F). For both,
the time constant varied between 20 and 70 ms depending on the
location inside the cell. The kinetics were significantly faster
inside the nucleus as compared with the rest of the cell as shown
by histograms over representative regions (Fig. 2 G and H).
Donor and FRET signals revealed an average time constant of
30 ms in the nucleus as compared with 40 ms in the cytoplasm.
We performed kinetic measurements with the 16-bp DNA
probe for 16 individual cells and with the 12-bp DNA probe for
10 cells. Three examples of each are shown in Fig. 3 A and B,
respectively. In all cases, the kinetics in the nucleus is distinctly
faster than in the cytoplasm (see Fig. 3, histograms). In some
cases, imaging resolved differences between nucleoli and the rest
of the nucleus with slower kinetics in the nucleoli (Fig. S6),
demonstrating kinetic imaging contrast of subcellular features.
Schoen et al.
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Fig. 3. Reaction speed in cellular compartments. (A) Shown is the 16-bp DNA
probe. Maps of the reaction time constant (color-coded) for three individual
cells and respective histograms from nuclear (N) and cytoplasmic (C) regions
are shown. (B) As in A for a 12-bp DNA probe. Hybridization kinetics were
always faster in the nucleus. (Scale bars: 10 m.)

Concentration Dependence. Where do the above differences in the

time constant arise from? One important parameter that influences the reaction speed of a second-order reaction is the
concentration of reactants. If we neglect side reactions of the
probe for now, we expect a time constant of the form ⫺1 ⫽
koff ⫹ kon ([D]⫹[A]) (27) where the off rate koff represents the
dissociation of the duplex and its formation is determined by free
donor and acceptor concentrations ([D], [A]) and an on rate kon.
For a 1:1 mixture ([D] [A]), and with the total DNA concentration cDNA ⫽ [A] ⫹ [DA] we obtain

⫺1 ⫽ 冑koff共koff ⫹ 4koncDNA兲

[1]

(see Materials and Methods). A plot of the inverse time constant
versus the DNA concentration thus yields a horizontal halfparabola whose intercept with the ⫺1 axis is given by the off rate
and whose slope is determined by the on rate.
Confocal images of the acceptor brightness were used to
measure the DNA concentration. As calibration, we determined
the brightness of the DNA probe in solutions of known concentration (Fig. S7A). We correlated the hybridization kinetics in
the nuclei or cytosolic regions of single cells with their respective
DNA concentration. The data of ⬇10 individual cells are plotted
for the 16-mer in Fig. 4A and for the 12-mer in Fig. 4C. The
reverse time constant increased with increasing concentration in
agreement with Eq. 1. On average, the data from the cytosole
and nuclear regions followed the same trend, except for a few
outliers for the cytosole.
For comparison, we measured the hybridization kinetics in
free buffer solution. The in vitro data (Fig. 4 B and D) again
followed a marked concentration dependence (Eq. 1). Comparing the inverse time constant for the two probes, we found three
times faster kinetics for the 12-mer compared with the 16-mer,
as is expected from its shorter length. Surprisingly, a comparison
Schoen et al.

Fig. 4. Different kinetics in vivo compared with in vitro for the 16-bp DNA
(A and B) and the 12-bp DNA (C and D). The inverse time constant ⫺1 is plotted
versus dsDNA concentration. Data are given as mean ⫾ SD together with the
best fit of Eq. 1 (solid line) and its 95% confidence interval (gray). In vivo
experiments comprise data from nuclear and cytosolic regions of ⬎10 individual cells. They overlapped and were treated as a single dataset during
fitting. The in vivo data of the 16-mer (A) were well described by the parabolic
fit, whereas the shape of the 12-mer data (C) was better described by a
buffered kinetics (dashed line; see SI Text). As compared with in vivo, the
experiments in vitro showed slower kinetics of the 16-bp DNA (B) whereas the
kinetics of 12-bp DNA (D) was distinctly faster.

with the in vivo measurements revealed a completely different
behavior for the two probes: whereas the kinetics of the 16-mer
was distinctly faster within cells, the kinetics of the 12-mer was
slowed down in vivo.
Reaction Rates. We fitted the data by Eq. 1 to elucidate the

changes in the underlying reaction rates. For the 16-mer, we
obtained an on rate of 2.9 ⫻ 107 M⫺1䡠s⫺1 in vivo that was 7-fold
larger than 4.2 ⫻ 106 M⫺1䡠s⫺1 in vitro (Fig. 4 A and B, solid lines).
In a distinct contrast, we obtain for the 12-mer an on rate of 5.5 ⫻
106 M⫺1䡠s⫺1 in vivo that was ⬇5-fold smaller than the on rate of
2.7 ⫻ 107 M⫺1䡠s⫺1 in vitro. In contrast to the in vitro data, the
in vivo data of the 12-mer were not well described by the
parabolic relation but rather tended to be smaller at small
concentrations and larger at high concentrations. We will describe this deviation later. Because of the lack of data at very low
concentrations, the off rate was ill-defined and thus held constant during fitting. The above results were independent of the
PNAS 兩 December 22, 2009 兩 vol. 106 兩 no. 51 兩 21651

Fig. 5. Effect of divalent ions and crowding agents on the hybridization
kinetics in vitro for the 16-bp probe (A) or the 12-bp probe (B). Magnesium
chloride speeded up the reaction, whereas dextrans and Ficoll had only a
minor impact on the kinetics. DNA concentration was 20 M; crowding agents
had a final concentration of 20% (wt/vol). Error bars represent the SEM of four
independent experiments. Asterisks indicate a significant difference between
the sample against the reference in pure PBS (orange) according to Student’s
t test to the level P ⬍ 0.01.

choice of off rates that could be equally well fitted within a range
from 0.1 to 4 s⫺1. In accordance with the melting curve in vitro
and literature data (28) we fixed the off rate to 0.3 s⫺1 for the
16-mer and 1.0 s⫺1 for the 12-mer.
Kinetics with Crowding Agents. To probe the effects of molecular

crowding and divalent ions, we measured both DNA probes in
vitro under various buffer conditions (Fig. 5). We found a
significant acceleration in the reaction kinetics for Mg2⫹. Interestingly, crowding agents barely affected the hybridization kinetics. At a concentration of 20% (wt/vol) that approaches the
situation in vivo (9), highly branched dextrans of various molecular mass or the globular molecule Ficoll-70 barely enhanced
the kinetics, with the only significant difference in the case of the
12-mer. A deceleration of the hybridization kinetics was never
observed for any of the tested conditions and probes.
Discussion
Unspecific Modulation of Hybridization Kinetics. The measured hy-

bridization rates in vitro for the 16-mer and the 12-mer dsDNA
(Fig. 5) agree well with literature data from other solution
measurements (29–31). However, the in vivo findings for the two
dsDNA probes are surprising because the kinetics of the 16-mer
was substantially speeded up, whereas that of the 12-mer was
considerably slowed down. As we will discuss below, this finding
is hardly explained without the aid of introducing DNA binding
partners.
Macromolecular crowding is considered to change reaction
kinetics in two ways: on one hand, an excluded volume predicts
accelerated kinetics as a result from an enhanced effective
concentration (10). Estimates of the excluded volume in the
cytoplasm range from 20% to 30% (9), thereby increasing the
effective probe concentration and thus the on rate by a factor of
1.2–1.4. In the nucleus, crowding effects might be even more
pronounced. For example, a complex nucleoprotein network
confines DNA and accelerates DNA repair by homologous
search (46). However, macromolecular crowding leads to hindered diffusion (9) and potentially slows down reaction kinetics.
A power-law dependence of the diffusion coefficient inside the
nucleus (11, 12) supports these ideas. However, our experiments
neither showed significant kinetic differences between the cytosole and the nucleus (Fig. 4 A and C), nor between in vitro
measurements with or without crowding agents (Fig. 5). Molecular crowding apparently has only a minor impact on the
hybridization kinetics of short DNA strands.
We do not expect variations in the calibration of DNA
concentration. An underestimation of the f luorescencemeasured concentration of oligonucleotides in cells could be
wrongly attributed to an enhanced on rate. For example, the
21652 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0901313106

concentration calibration can be misguided through intracellular
fluorescence quenching by reducing agents (32) or bleaching.
However, control measurements with glutathione and ascorbic
acid at typical intracellular concentrations (33, 34) showed only
an effect of a few percent on the determined concentration (Fig.
S7B). The effect of bleaching was also small as evaluated from
images taken at the beginning and the end of a cell measurement.
Hydrophobic or electrostatic interactions might differentially
affect the stability of either the ssDNA, the duplex, or intermediate structures (10). For example, a differentially reduced
electrostatic repulsion of ssDNA enhances the association rate
of hybridization (35). Divalent ions show this effect as confirmed
by in vitro measurements demonstrating a strong acceleration
with increasing MgCl2 concentration for both probes (Fig. 5).
But even if cells do implement such considerably enhanced ionic
shielding to explain the 7-fold enhanced on rate of the 16-mer,
the conditions equally would affect the 12-mer.
Probe-Specific Modulation of Hybridization Kinetics. The mecha-

nisms discussed so far cannot explain why the hybridization
kinetics of the 12-bp probe was differentially modulated as
compared with the 16-bp probe inside cells. In the following we
discuss examples of binding partners that have the potential to
distinguish between the two probes and eventually describe the
differentially modified kinetics (Fig. 4 A and C).
Interference RNA, messenger RNA or freely available
genomic sequences are probably able to interact with the probe
dynamically and in a length-dependent manner. A randomized
sequence space for these endogenous oligonucleotides would
yield 4 ⫻ 44 ⬇1,000 times more abundant binding sites for the
12-mer as compared with the 16-mer. If this background binding
shows similar on and off rates as the probe reaction, it enhances
the reaction speed by adding with its concentration cB to the
probe concentration cDNA in Eq. 1. The plot of the reaction speed
shifts to the left and primarily enhances the kinetics for small
probe concentrations (see Fig. S8). The in vivo data did not show
such an offset nor was the 12-mer stronger accelerated than the
16-mer; in fact, we observed quite the opposite. Both findings
make the above scenario improbable.
Proteins in the cell can interact specific and unspecific with
ssDNA and dsDNA and can thereby either speed up or slow
down the reaction, depending on the type of interaction. We
distinguish two cases:
Recombination mediator proteins, as for example Rad52,
catalyze and thereby accelerate the hybridization of complementary ssDNA in the context of homologous recombination,
DNA repair, and rescue of collapsed replication forks. Thousandfold accelerated annealing rates have been reported for
Rad52 (36, 37). The annealing efficiency has been shown to be
higher toward longer DNA strands, although no oligos shorter
than 15 bp were investigated (38). This finding might hint toward
a selective acceleration of the 16-mer in the nucleus; however, it
remains unclear whether such a mechanism also exists in the
cytosole as found in our measurements. In the simplest model,
we account for these effects by enhancing the on rate in Eq. 1 as
we did in the fit for the 16-mer (Fig. 4A, solid line).
Other DNA-binding proteins can stabilize ssDNA or dsDNA
and thus slow down the annealing kinetics by reducing the
concentration of free reactants. An example for a ssDNAbinding (SSB) protein is replication protein A (39), whereas
HMG-motif proteins (40) are prototypical dsDNA-binding
(DSB) proteins. Both usually tend to bind stronger to longer
constructs (39, 40), and some evidence exists that they also reside
in the cytosole (39). A stabilization of the DNA strands requires
slower binding kinetics as compared with the probe reaction and
renders the background binding quasi-stationary. We modeled
the binding to either ssDNA or dsDNA with an equilibrium
constant KB and a binder concentration cB as derived in SI Text.
Schoen et al.

approach of TOOL compared with conventional temperature
jump and time-lapse imaging are manifold: the kinetic range is
not restricted by the camera speed, the method is compatible
with standard fluorescence microscopy and thus applicable to
cells, the signal-to-noise ratio is significantly enhanced by the
lock-in approach, and neither the intrinsic temperature sensitivity of the dye nor bleaching hamper the relaxation analysis. As
an established alternative, kinetics can be measured by fluorescence correlation spectroscopy (FCS) under true equilibrium
conditions even in living cells (11, 12), yet with some restrictions.
The short residence time of molecules in the focus restricts FCS
to fast, typically intramolecular kinetics. Low concentrations are
required to record an autocorrelation signal. Several extensions
of the FCS principle have the potential to overcome these
limitations in the future (41, 42). To date, TOOL microscopy is
a useful complement of FCS-based techniques, because it works
at high concentrations, has a kinetic range distinct from FCS,
and provides fast and comparably simple direct imaging.
The requirements of TOOL microscopy with respect to the
probe are very general: the readout can be any fluorescence
property and the nature of the probe itself is of minor importance. For example, binding of small labeled DNA or RNA
molecules to larger proteins could be visualized by changes in
their f luorescence anisotropy. Protein–protein interactions
could be monitored by FRET between two fluorescent proteins
or two organic dyes fused to genetic tags (43). This will enable
the comprehensive investigation of reactions in signaling networks. The kinetic range reaches from ⬇10 s to 1 s and is
restricted on the one side by the retrieval of the phase at high
frequencies and on the other side by long measurement times for
very slow oscillations. TOOL will help to establish in vivo test
systems for computational modeling and will be used to probe
effects of molecular crowding in cellular compartments.
Outlook
To conclude, we developed TOOL microscopy to image kinetics
at the tens of microsecond to second scale inside living cells. We
measured the kinetics of DNA hybridization in the cytosole and
the nucleus and found an unexpected strong, probe-dependent
modification compared with in vitro measurements. The application of TOOL microscopy to protein–protein reactions is
anticipated.
Schoen et al.

Lock-In Imaging. An upright microscope (Axiotech Vario; Zeiss) was equipped
with a 100⫻ oil-immersion objective (CFI Apochromat TIRF; Nikon). The beam
of a fiber-coupled near-infrared laser (RLD-5–1455; IPG Laser) was modulated
by an acousto-optical modulator (AA.DTS.XY.100; Pegasus Optik) and weakly
focused (C240TM-C; Thorlabs) to a FWHM of 150 m in the chamber. Illumination was provided by cyan or red light-emitting diodes (Luxeon III Star;
Philips). A CCD camera (SensiCam QE; PCO) imaged with 1-s exposure time and
2 ⫻ 2 or 4 ⫻ 4 binning was used.
Signals were generated by two synchronized A/D cards (PCI-6229 and PCI-6221;
National Instruments) under LabView control. The IR laser intensity followed IIR ⫽
0.5⌬IIR[sin(2f 䡠t)⫹1] with a maximum power ⌬IIR ⫽ 2.5 W. Illumination patterns
were composed of upper halves of a sine wave ILED ⫽ ⌬ILED⍜ [sin(2f䡠t - )]sin
(2f 䡠t ⫺ ) with a phase lag  (21). To correct for bleaching, images were taken
in the order  ⫽ 0°ⱍ180°ⱍ270°ⱍ90°ⱍBⱍBⱍ90°ⱍ270°ⱍ180°ⱍ0° (B ⫽ without illumination).
Intracellular hybridization kinetics (Figs. 2– 4) was investigated for f ⫽ 1…200 Hz.
The temperature reference was recorded by lateral translation of the sample and
recording Cy5 fluorescence next to the cell. Intracellular temperature kinetics
(Fig. S2) was recorded for f ⫽ 20…1,000 Hz. Cell viability was routinely checked
before and after the experiment (Fig. S3 ).
As a side note, the herein described optical lock-in (21) has to be distinguished from a more recent method with a similar name (44, 45) that uses
filtering in Fourier space to remove nonperiodic contributions from a reversibly switched fluorescence signal.
Data Analysis. The complex transfer function h( f ) of the fluorescence response
was reconstructed from the image series for each frequency by summation of
image pairs at identical phases and applying

h共f兲 ⫽

冋

册

4
I270⬚ ⫺ I90⬚
I0⬚ ⫺ I180⬚
⫹i
 I0⬚ ⫹ I180⬚ ⫺ 2Iback I270⬚ ⫹ I90⬚ ⫺ 2Iback

[A1]

(21). For temperature measurements, fluorescence amplitudes were translated to temperature changes via the Cy5 calibration. The RhG or FRET transfer
function was divided by the respective temperature transfer function for each
frequency (see Fig. S5). The resulting hybridization transfer function was
fitted pixelwise by Eq. 1. Artifacts from overexposed pixels were removed and
poor fits were filtered out by a threshold to the mean square error. The
amplitude was corrected against background fluorescence by taking the
mean fluorescence intensity Iback in the vicinity of the cell and rescaling
the fitted amplitude by I/(I ⫺ Iback), with I being the fluorescence intensity at
the respective image pixel.
Transfer Function of Reaction. The temporal relaxation of the fluorescence
signal after a small temperature jump adopts a single exponential time course
⌬F(t) ⫽ a䡠exp(⫺t/) ⫹ b䡠⍜ (t) with a characteristic time constant , an amplitude
a that depicts the concentration change for t 3 ⬁, and an instantaneous offset
b caused by the intrinsic temperature sensitivity of the dye. The corresponding
response in the frequency domain is derived from this formula by a Laplace
transformation. It is given by the transfer function h( f ) that assigns a complex
valued concentration response to a certain stimulation frequency f. The
mono-exponential relaxation kinetics transforms to

h共f兲 ⫽

a
⫹b
1 ⫹ i䡠2f䡠

[A2]

with a, b, and  as above (21). A plot of h( f ) in the complex plane illustrates
the characteristic transition (Fig. S1).
Determination of Local DNA Concentration. A multipoint confocal scanner
(vtInfinity2; Visitron Systems) with an EMCCD camera (Cascade II; Photometrics) was mounted to a second output of the microscope. The illumination with
either 488 or 561 nm was restricted to 5 mW to minimize bleaching. Laser
intensity, scanning parameters, filters, and camera settings were identical for
all confocal images, the only variable parameter was the exposure time. The
fluorescence intensity of ROX was determined confocally, weighted with the
exposure time, and calibrated against identically prepared chambers containing dsDNA concentrations of 3.6, 8, 16, 22, 28, and 36 M in PBS buffer (see Fig.
S7). Slides were pretreated by a plasma cleaning to prevent adsorption of
DNA.
Concentration Dependence of the Time Constant. The relaxation time constant
k on
|
; AD is given by ⫺1 ⫽ koff ⫹ kon ([D]⫹[A]) (27).
of the reaction A ⫹ DL
k off
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The previously not described deceleration of the 12-mer compared with its in vitro kinetics can be convincingly fitted by either
DSB interactions with cB ⫽ 36 M and KB ⫽ 5.4 䡠 105 (Fig. 4C,
dashed line) or SSB interactions with cB ⫽ 135 M and KB ⫽
6.1 䡠 105 (see Fig. S9C). Notably, both fits described the shape of
the data better than the parabolic Eq. 1.
Thus, the modulation of hybridization kinetics in vivo is likely
the result of two opposite effects. On the one hand, recombination mediator proteins or divalent ions can describe the 7-fold
increase of the association rate for the 16-mer in its magnitude.
However, buffering of probe strands by e.g., DSB proteins can
explain the slowed kinetics of the 12-mer. We implicitly assumed
that the acceleration was specific for the 16-mer and the
buffering only affected the 12-mer. However, both effects might
act stronger, but in concert: our data are consistent with a 16-mer
with strong enhancement of the association rate under minor
buffering and a 12-mer with slight enhancement of the association rate and strong buffering (Fig. S9). This means that the
7-fold acceleration of the on rate and the 5-fold deceleration
caused by buffering are lower bounds to the actual in vivo
changes. Overall, in vivo imaging of DNA reaction kinetics in
living cells indicates that hybridization kinetics is under significant differential control. In our case, factors of molecular
crowding appear to be of limited importance.

Starting from the equilibrium condition koff [DA] ⫽ kon [D][A] we set [D] ⫽ [A]
for the used 1:1 mixture, added koff [A] on both sides, and obtained koff ([A]
⫹ [DA]) ⫽ kon [A]2 ⫹ koff [A]. We defined cDNA ⫽ [A] ⫹ [DA], replaced the
bracketed term on the left side, solved for [A], and found 关A兴 ⫽ 共k off
2
⫹
k of
f ⫹ 4k on k off c DNA 兲/共2k on 兲. Inserting this into the above relation for the
time constant yielded Eq. 1.
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