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Bleaching-resistant, Near-continuous Single-molecule
Fluorescence and FRET Based on Fluorogenic and Transient

DNA Binding

Mirjam Kiimmerlin,®™® Abhishek Mazumder,*® "9 and Achillefs N. Kapanidis*®

Photobleaching of fluorescent probes limits the observation
span of typical single-molecule fluorescence measurements and
hinders observation of dynamics at long timescales. Here, we
present a general strategy to circumvent photobleaching by
replenishing fluorescent probes via transient binding of fluoro-
genic DNAs to complementary DNA strands attached to a target
molecule. Our strategy allows observation of near-continuous
single-molecule fluorescence for more than an hour, a timescale
two orders of magnitude longer than the typical photo-

Introduction

Single-molecule methods have transformed the study of bio-
logical systems by enabling detailed interrogation of the
structure, dynamics, and function of individual molecules. These
methods offer unique insight into many biological molecules
and processes, including the folding of proteins, the mecha-
nisms of gene expression and maintenance, the structure-
function relationships of molecular assemblies, and the cou-
pling of large macromolecular machines, both in vitro and
in vivo.l"

In particular, single-molecule fluorescence (SMF) spectro-
scopy and microscopy studies have been very popular, since
they are sensitive, versatile, and compatible with use in living
cells.>¥ Some SMF studies involve the labelling of biomolecules
of interest with a single fluorophore,”” which allows detection
of the labelled molecule, and localisation of its position with
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bleaching time of single fluorophores under our conditions.
Using two orthogonal sequences, we show that our method is
adaptable to Forster Resonance Energy Transfer (FRET) and that
can be used to study the conformational dynamics of dynamic
structures, such as DNA Holliday junctions, for extended
periods. By adjusting the temporal resolution and observation
span, our approach enables capturing the conformational
dynamics of proteins and nucleic acids over a wide range of
timescales.

high precision. These capabilities in turn enable measurements
of molecular stoichiometries, as well as super-resolution imag-
ing and single-molecule tracking.”'" Other SMF studies involve
single-molecule FRET (smFRET), which typically uses two
complementary fluorophores to monitor distances in the 2-
10 nm range and can be used as a molecular ruler.">'¥ smFRET
can also report on the kinetics of conformational changes and
relative motions of interacting species, which helps to deduce
the sequence of events in many biological processes.”™

Most SMF methods (and more generally, fluorescence
microscopy), however, are still severely limited by photo-
bleaching, which is the irreversible photo-destruction of the
fluorescent probes used to label the biomolecules of interest;
such limitations have been evident since the early days of
SMF.">'Y Due to photobleaching, the photon budget per
fluorophore (i.e., the number of photons emitted before the
end of the observation) remains limited, and restricts observa-
tion time to the low-minute timescale."”'® This limitation
remains despite significant improvement through the use of
fluorescence stabilisation systems (such as oxygen scavengers
and triplet-state quenchers).™

A possible way to overcome photobleaching is to exchange
the fluorescent labels during an ongoing experiment. This can
be achieved using transient or reversible interactions between
the target molecule under study and the fluorophore, provided
that the system allows for an exchange of an attached
fluorescent probe with a new probe before the attached probe
gets photobleached.

Exchanging bleached fluorescent labels with fresh ones has
been explored for self-healing and regeneration of DNA
nanostructures,”” where an incubation with fresh “staple”
strands repaired the effects of photo-damage to fluorescently
labelled staples. Further, transiently binding fluorophores have
been used to study targets for extended periods, especially in
single-molecule localisation microscopy (SMLM), with an early
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example being the method of Points Accumulation for Imaging
in Nanoscale Topography (PAINT).?" Such transient binding was
also used in DNA-PAINT, where short labelled DNA strands
(“imagers”) bind to complementary “docking strands” on target
biomolecules such as DNA nanostructures®? and proteins.”
Exchanging fluorescent labels has also been combined with
stimulated emission depletion (STED) microscopy to avoid the
effects of photo-bleaching.?**!

To achieve super-resolution, methods like DNA-PAINT
require temporal separation of single-molecule fluorescence
signals from a diffraction-limited area and thus need extensive
“dark intervals” (i.e., during which the target is not bound by a
transient label, and thus is not fluorescent). Consequently, these
methods cannot provide the continuous signal needed to
monitor the presence or motions of a molecular target over
extended observation spans.

In principle, the dark interval between the binding of two
transient labels to the same target can be decreased by
increasing the rate of binding, either by increasing the transient
label concentration, and/or changing the properties of the
transient label to increase the on-rate constant. However, in a
diffraction-limited TIRF experiment, the concentration of fluo-
rescent transient labels cannot be increased much above
30 nM, as unbound labels contribute to the fluorescence
background and degrade the signal-to-noise ratio (SNR) of the
measurement.”*?* Higher concentrations of fluorescent species
have only been used in combination with STED microscopy
(where the effective excitation volume is decreased below the
diffraction limit)***! and when fluorogenic probes are used.***"

One approach to generate continuous fluorescence over
long time spans is to multiplex binding sites for transient DNA
labels and optimise binding/unbinding kinetics, which can
allow for single-particle tracking for hours.?? Whilst this
approach is attractive for SMF measurements with a single
fluorophore, it is incompatible with smFRET studies, where the
presence of multiple fluorophores along the docking DNA
strand will make FRET measurements uninterpretable. A recent
approach built on the concept of dye-cycling by implementing
it on a single binding site, thus enabling extended smFRET
experiments® on Holliday junctions (HJ) using the reversible
binding of fluorescently labelled 9-nt-long ssDNAs carrying
either a FRET donor and a FRET acceptor (“cyclers”).®® However,
despite measuring in an SNR regime that did not allow
resolution of the dynamics of the HJ, the maximum concen-
tration of transient fluorescent labels was limiting the temporal
sampling to only ~50% per cycler, and thus having single-
molecule targets spending only ~25% of time in the doubly-
labelled state needed for FRET measurements.®

These limitations vividly highlighted that the fluorescence
background due to unbound labels is the main bottleneck in
achieving continuous fluorescence traces.

Here, we address these limitations by introducing a
transient binding approach that optimises background suppres-
sion and label exchange to enable near-continuous, bleaching-
independent single-molecule fluorescence observations via
Renewable Emission via Fluorogenic and Repeated ssDNA
Hybridisation (REFRESH, Figure 1A). We also extend this ap-
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Figure 1. The principle of REFRESH. A. Continuous exchange is facilitated by
transient hybridisation of short, fluorogenic ssDNA probes (r-labels) to
complementary docking strands bound to a target molecule of interest
(top). The schematic fluorescence trace (bottom) shows how, if intervals of
exchange are short (below or on the order of the frame rate), a near-
continuous fluorescence signal can be observed. B. REFRESH-FRET: The same
labelling strategy is now applied to donor and acceptor dyes attached to a
target of interest which undergoes conformational changes. The observed
donor and acceptor traces (middle) can be used to calculate FRET efficiencies
(bottom) and monitor conformational dynamics.

proach to smFRET (REFRESH-FRET, Figure 1B). The target
biomolecule is modified with a short ssDNA docking strand
which is recognised by a labelled complementary DNA (a
“renewable label” or “r-label”). Importantly, our approach
involves the design of fluorogenic r-labels that enable measure-
ments in high concentration regimes which allow for continu-
ous (or near-continuous) emission of fluorescence from a target
biomolecule with both high temporal resolution and extended
observation span (> 1 hr, Figure 1A, bottom). We show that we
can specifically label two sites within a molecule and enable
smFRET measurements over the same period. Finally, we show
that transient labelling is fully compatible with dynamic
biomolecules by monitoring the conformational dynamics of
HJs using long-lived smFRET measurements. Our strategy can
be easily tuned to adapt its temporal resolution and observa-
tion span to a plethora of biological systems and applications.

Results and Discussion
Design Principles for REFRESH

Since the labelling of a target biomolecule (hereafter, the
“target”) is based on a series of reversible binding events, the
resulting time-traces from a target will contain dark intervals;
the ideal traces should have as few and as short dark intervals
as possible, achieving a temporal target sampling that
approaches 100%. This aspiration for near-complete sampling
creates two requirements: First, dark intervals due to r-label-
exchange events (where a dissociated r-label is replaced by a
new one) need to be short, and ideally should occur on a
timescale similar (or shorter) than the exposure time of the
single-molecule imaging experiment (typically, in the 20-
200 ms range). Second, dark intervals due to any bleaching of
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an r-label while bound to the target need to be minimised both
in number and duration.

To fulfil these requirements, we use the following set of
strategies: () To achieve high on-rates, we optimise DNA
sequences by avoiding intramolecular complementarity. () To
minimize dark intervals, we employ high r-label concentrations,
a condition facilitated by r-labels that are fluorogenic, i.e., when
unbound, remain in a dark, quenched state. (lll) To increase the
photobleaching lifetime of the fluorophore, we use a photo-
stabilisation system. (IV) To ensure r-label dissociation before
bleaching, we tune the off-rate of the r-label from the target.
(V) To use the photon budget of each r-label efficiently, we
maximise the binding time between r-label and target within
the limit set by photobleaching.

Sequence Selection

The DNA-sequences used for the r-labels were chosen as
follows: for the initial sequence (red r-label), we selected a DNA
length of 10-12nt to provide a “bound time” that is long
enough to ensure efficient use of the photon budget of the
fluorophores, and short enough to avoid photo-bleaching in
the bound state (which, for a single ATTO647N fluorophore, is
described by kpeac, =0.003 s™' under continuous excitation by a
laser power of 1.4 mW at 640 nm). Broadly speaking, k. has to
be 10-100 fold larger than ke, and kg, should be 10-100-fold
larger than k. Importantly, our r-labels are considerably longer
than the imager strands employed in super-resolution techni-
ques, since we want to minimise dark intervals. The ultimate
goal of a high on-rate (which minimises dark periods) could be
facilitated by a high r-label concentration, but could also be
influenced by the sequence: repetitiveness in sequence (e.g.,
consistent of repeats of a three-base motif) combined with a
longer sequence have been shown to increase the on-rate.?”
We also avoided interactions within the sequence by choosing
just two non-complementary bases per sequence (e.g. only
thymine (T) and guanine (G)), and estimated AG values from
Santa Lucia et al.” and on-rates for DNA hybridisation using
an algorithm by Zhang et al.?® From this, we calculated off-
rates for ~30 sequences and analysed the impact of G/C
content, label length and sequence composition.

We tested the two most promising sequences experimen-
tally and identified a first suitable DNA r-label, which featured
an 11-nt long sequence with a low guanine/cytosine (G/C)
content (3 out of 11); such an imager DNA strand enables
fluorogenicity (see next section), while de-hybridising faster
than a strand with the same length but a high G/C content.
Specifically, the red r-label showed a mean t,; of ~3.3s (or
kon~0.30s"") and a mean t,, of ~15s (or k,~0.07s"") at
20 nM.

For the second r-label sequence, we built on the fluorogenic
DNA-PAINT imager sequence design by Chung etal, which
extended the imager length to 15 nt and used mismatches
between imager and docking strand to reduce bound times
and allow for blinking and super-resolution imaging.®” Starting
with their green imager sequence, we introduced a higher
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degree of complementarity and finally selected the most
suitable sequence out of seven experimentally tested ones for
REFRESH (with a mean t, of ~12 s (or k,,~0.08 s7') and a mean
ton Of ~22 s (or kyz~0.05 s7") at 100 nM. (For simplicity, we have
only stated mean values for the dwell times here. Further
characterisation of the hybridisation kinetics of both r-labels
can be found in the supplementary material and Figure S1.)

Fluorogenic Strategy

To keep the dark intervals low, our technique relies on using
high concentrations of unbound labels (100 nM-1 pM); this, in
turn, leads to a significant fluorescence background that needs
to be suppressed. A standard way to reduce the fluorescence
background is using an evanescent excitation field in a total-
internal-reflection fluorescence (TIRF) microscope; however, this
mode of microscope still cannot allow detection of single
immobilised molecules in the presence of >50 nM of unbound
label.***? To further suppress the fluorescence background, we
considered a fluorogenic strategy that quenches the
fluorescence of unbound labels, but allows for substantial
recovery of fluorescence upon label binding.

For a red label, we use a short ssDNA labelled with two
ATTO647N fluorophores (one on either end) that exhibit
contact-mediated quenching in solution (see Supporting In-
formation and Figure S2); when bound to the target, the state
of quenching is lifted, leading to the appearance of
fluorescence corresponding to two ATTO647N fluorophores.”®
Use of this fluorogenic strategy improves the SNR by a factor of
4 and effectively makes the r-label (as a unit) more photostable,
since complete loss of fluorescence requires bleaching of both
fluorophores and thus will require more time to occur.

For the green label, we have used r-labels that contain a
pair of a green fluorophore (Cy3B) and a dark quencher (DQ),
which serves as a non-fluorescent FRET acceptor to the Cy3B
fluorescence in the unbound r-label. To allow for sufficient
fluorogenicity in the bound state, we use an extended r-label
length of 15 nt with mismatches between r-label and docking
strand, as was done recently for fluorogenic DNA-PAINT
imagers.®” This allowed for a gain in SNR by a factor of 16 (see
Supporting Information, Figure S2), and allowed for imaging of
single-molecule binding sites using a TIRF microscope with up
to 5 uM r-label (see Figure S3).

Near-continuous SMF with REFRESH

We first implemented our renewable strategy on a surface-
immobilised DNA target containing a docking DNA strand
complementary to our respective r-label (note: the target is the
HJ used later for smFRET experiments). The target was also
labelled with a Cy3B fluorophore, which served as a localisation
signal. During the experiment, we first localised our target using
the green emission channel (Figure 2A, left); we then added the
r-label strands, and recorded movies under red or green
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Figure 2. REFRESH allows for continuous single-molecule fluorescence ob-
servations: A. The target molecule is localised on the surface via a
localisation label (magenta), observed in an emission channel different from
that of the r-labels. After the addition of r-labels (carrying two ATTO647N or
Cy3B/BHQ2), binding and unbinding can be observed at co-localising spots.
B. Example traces at 20 nM (top) and 100 nM (bottom) red r-label. C.
Example traces of 100 nM green r-label. Blue shaded areas: bound intervals
of the complete r-label; triangles indicate de-hybridisation; yellow shaded
areas: interval with only one emitting ATTO647N; magenta shaded area:
interval without functional BHQ2. For more traces showing binding of both
r-labels, see Figures S5 and S6.

excitation (Figure 2A, right), which were then used to generate
time-traces.

We generated time-traces at different concentrations of the
red r-label (Figure 2B). The fluorescence traces showed several
intervals of high intensity (/2,000 counts), corresponding to an
r-label being bound to the target (blue shading) followed by
disappearance of the fluorescence signal (blue triangles), which
we attribute to r-label dissociation (and not to bleaching, which
would have led to a step-wise decrease in intensity due to the
presence of two fluorophores per r-label). As expected, the dark
intervals became shorter with increasing r-label concentration
(compare Figure 2B and C), and for concentrations of > 100 nM,
become negligible (<2%). Occasionally, bleaching of one
fluorophore occurs, reducing the fluorescence signal by ~50%,
to ~ 1,000 counts (yellow shading), which also suggests that
de-quenching upon target binding is complete, with no
significant impact of any remaining contact-mediated quench-
ing or homo-FRET processes on the quantum yield. Further
decrease to baseline intensity is attributed to r-label unbinding
or bleaching of the second fluorophore.

We performed similar experiments using a target carrying
the docking strand for the green r-label. To avoid FRET
interactions between localisation signal and r-label, we used a
second Cy3B dye as localisation signal which was bleached
before addition of the r-labels. Our traces at 100 nM green r-
label (Figure 2C) show clear r-label binding events, detected as
an increase in signal from background level to ~450 counts
(blue shading). We observe a mean bound time of ~22 s, which
indicates a turnover faster than for the red r-label (with any
dwells shorter than the 100-ms frame time being inaccessible).

ChemPhysChem 2023, 24, €202300175 (4 of 8)

Occasionally, we observe a signal level of ~800 counts
(magenta shading at ~270 s, Figure 2C), which we attribute to
an r-label without functional quencher (either due to incom-
plete synthesis or due to temporary quencher blinking
process®), which appears brighter due to the absence of FRET.
Such a signal increase is consistent with expectations from the
14-bp separation between fluorophore and quencher (~5.5 nm)
and the Féorster radius between Cy3B and BHQ2 (~6.1 nm).%® At
100 nM, we observe a temporal sampling of ~70%. To increase
the temporal sampling further, we can increase the r-label
concentration, (e.g., to 300 nM) for following smFRET experi-
ments.

Our results clearly established that we can perform contin-
uous observations on immobile biomolecules using renewable
labelling based on the hybridisation of short, ssDNA labels.
Importantly, due to constant r-label exchange, the trace length
was not limited by the bleaching of individual fluorophores,
and since the fluorescence signal was lost for very few frames
at a time, we achieved a very high temporal target sampling,
which reached up to 98 %.

Observation of Conformational Dynamics for hours using
REFRESH-FRET

We then moved to the experimental implementation of smFRET
measurements using r-labels. As a model system, we chose a
HJ, a well-studied dynamic four-arm DNA structure that allows
us to monitor repeated interconversions between two con-
formational states distinguishable using FRET.B?

We first assembled a “standard” HJ by using four 22 nt-long
ssDNA strands, one of which carries a covalently attached FRET
donor and a second carrying a covalently attached FRET
acceptor; this labelling strategy results in the fluorophores
appearing at the ends of two of the HJ's four arms (Figure 3A).
In the two main conformational states of this reference HJ, the
fluorophores are positioned at very different distances from
each other, resulting in two distinct FRET efficiencies (E, a high
FRET state of E~0.75 and a low FRET state of E~x0.25).

To monitor both FRET and fluorophore stoichiometries, we
used alternating-laser excitation (ALEX) of the immobilised
molecules using 200-ms frame times (100-ms exposure/chan-
nel). For each ALEX frame (see Methods), the AA (emission in
the acceptor channel during acceptor excitation) signal reports
on the presence of the acceptor, and the DD and DA (emission
in the donor or acceptor channel during donor excitation,
respectively) signals are used to observe FRET and conforma-
tional changes. Figure 3B shows a representative example of a
fluorescence trace recorded from the reference HJ: the AA trace
shows an intensity of ~1,500 counts, and features slow
fluctuations between two spectral states of ATTO647N, which
have been described before.*” On the other hand, DD and DA
show anti-correlated fluctuations indicating dynamic FRET
processes, clearly reflected in the apparent E trace (bottom
panel), which shows transitions between high (E~0.75) and
low (E~0.25) values.
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Figure 3. Observing conformational dynamics using REFRESH-FRET. A. Refer-
ence structure of a covalently labelled HJ. B. Intensity-vs-time trace of the
reference HJ (covalent labels) with AA, DA, and DD signal (top), from which
the apparent FRET efficiency (E) was calculated. The anti-correlated
fluctuations in DD and DA and the fluctuations in E indicated FRET dynamics
between a high-FRET state (E~0.75) and a low-FRET state (E~ 0.25). FRET
can be observed until the donor bleaches after about 200 s. C. HJ with
exchanging labels: The X- and R-strand of the HJ carry extensions which
serve as specific binding sites for the fluorogenic r-labels.

To implement REFRESH-FRET, we extended the strands
carrying the reporter dyes by docking sequences complemen-
tary to our green and/or red r-labels. In solution, we provide the
required fluorogenic r-labels which bind specifically to their
docking strands (Figure 3C). In the two main HJ conformational
states, the fluorophores are again positioned at different
distances from each other, resulting in two distinct FRET
efficiencies.

Since the observation time of the REFRESH-HJ is essentially
immune to the photobleaching, we can monitor it for
extraordinarily long time-spans; we thus recorded continuous
traces using 100 nM of red and 300 nM of green r-label, and an
exposure time of 100 ms/channel/frame (Figure 4) for one hour,
several orders of magnitude longer than the bleaching time of
the individual fluorophores. We replaced the buffer in the
chamber continuously (with a full volume exchange every
5 min) to replenish the stock of r-labels and the photostabilisa-
tion system.

Upon ALEX excitation, the AA trace in Figure 4A specifically
reports on the presence of the red r-label, whilst the DD trace
reports on the green r-label. The presence of a significant DA
intensity (i.e., the FRET signal) is only expected when both dyes
are present at the same time and reports on the HJ
conformation. The time-traces show the same pattern of
binding events as shorter traces in Figure 2, with the additional
feature that, whenever both r-labels bind simultaneously, the
same anticorrelated dynamics in the DD and DA intensity as
with the reference HJ can be observed (zoomed-in segment,
Figure 4B). The fluorescence fluctuations indicate FRET dynam-
ics, with the E value showing clear transitions between high
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t (min) 35.0

Figure 4. Representative traces from the REFRESH-HJ using 100 nM red and
300 nM green r-label. A. Full trace with AA (top), DD, and DA channel
(middle) and calculated FRET efficiency (E, bottom). B. Zoom-in of the trace
in A. Anti-correlated fluctuations in DD and DA channels (middle panels) and
the fluctuating E trace (bottom) indicate a dynamic interchange between a
high-FRET state (E~0.75) and a low-FRET state (E~0.25). For more FRET
traces, see Figure S7.

(E~0.75) and low (E=20.25) values. The FRET efficiencies for the
two states are similar to the reference HJ, which validates the
choice of the fluorophore location on the r-labels. Inspection of
the traces shows that the AA signal is near-continuous over the
recorded period at an r-label concentration of 100 nM, whilst
the DD trace shows still periods of time without fluorescence
(~20%).

Using the recorded traces, we then analysed the conforma-
tional dynamics of four HJ constructs: the reference HJ with
both dyes covalently attached; the two HJs where one dye is
supplied by r-labels whilst the other one is attached covalently;
and the complete REFRESH-HJ.

We used the E traces (see Methods) to generate FRET
efficiency frequency distributions and dwell-time histograms for
the four different HJs (Figure 5 and S4 for the single r-labels). All
structures showed similar FRET distributions, with peaks at E
values of~0.25 and~0.75. The relative abundance of the two
fractions for the HJ (reference: low FRET: ~70% high FRET:
~30%, REFRESH: low FRET: 251%, high FRET: =49 %) indicate
an equilibrium constant of K4, w=22.3 for the reference HJ,
and a Ky 1w~ 1.0 for the REFRESH-FRET HJ. The relative
abundance indicates that the low-FRET state is energetically
slightly favoured in the reference HJ, however, the difference
between the states is ~2-fold smaller when using r-labels.
Notably, the shift in the equilibrium when only one dye is
supplied as an r-label is much stronger for the red one
(Kiigh—tow = 1.2) than for the green one (Kyigh—iow = 2.0), suggest-
ing that the majority of the equilibrium shift is induced by the
attachment of the red docking strand and r-label (see Fig-
ure S4).

We also determined the kinetic constants for the intercon-
version of FRET states. In the REFRESH-HJ, at 100 nM red and
300 nM green r-label, the interconversion rates were
Khigh—tow = 345 £ 0.04 57" and Kipy,_pigh=2.69£0.03 s, equat-
ing to a Kiygn_iow = 1.3. In comparison, the reference HJ showed

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 5. Monitoring conformational dynamics using REFRESH-FRET: Repre-
sentative data from one experiment. A-B. FRET histograms of the reference
HJ with covalent labels (A) and the HJ with exchanging donor and acceptor
(B). C-D. Dwell time histograms of the high and low FRET states for the
reference HJ (panel C; data from 64 molecules), and the HJ with exchanging
acceptor label (D; data from 101 molecules), the errors stated are fitting
errors. N, number of frames.

a Kughiow & 5.512£0.2257", Ky pigh=1.61£0.045"", and a
Khigh—tow =~ 3.4. These values agree well with the values
obtained from the population fitting and further show that, the
shift in equilibrium when comparing reference and REFRESH H)J
is due to a change in the stability of both states. An
interconversion constant Ky;g, 1, N€ar unity is consistent with
previously published literature on the HJ: Gilboa et al. reported
a Kiignhiow Of =3.7, while McKinney et al. reported a Kygh 0w Of
~ 1 across different [MgCl,].B%*"

Our results clearly establish that we can use REFRESH-FRET
to accurately resolve conformational dynamics well below the
second timescale over observation times on the scale of hours,
spanning five orders of magnitude.

Ultimately, the observation time span is limited by the
survival time of the target molecule, especially the docking
strand. In DNA-PAINT, photo-destruction of docking strands has
been reported; however, DNA-PAINT uses 10-25-fold higher
laser powers than in our experiments.*? Additionally, DNA-
PAINT experiments are often performed without photo-stabili-
sation, which both preserves fluorescent dyes and prevents
damage to DNA structures (such as docking sites or r-labels).*”
Consistent with this, we have observed only a few traces (<5 %)
which permanently enter a dark state after some time (or show
significant reduced on-times).

The use of transient DNA hybridisation provides great
tuneability and adaptability; the r-labels are tuneable in terms
of length and sequence, which enables us to modify the
interaction strength to adjust the off-rates in response to
experimental requirements (e.g., lower salt conditions used
with proteins). The nature of the r-labels (fluorogenicity) and
our imaging conditions also allows use of high concentrations

ChemPhysChem 2023, 24, €202300175 (6 of 8)

In most single-molecule fluorescence studies, photobleaching
severely limits the available photon budget from a reporter
fluorophore. Each measurements needs to carefully balance
temporal resolution, overall observation span, and photons
collected per frame, with the latter feature determining the
spatial or FRET resolution of the measurement.

By circumventing this limitation, REFRESH allows monitoring
processes at high temporal resolution over long observation
spans, opening many new opportunities for single-molecule
studies. Most prominently, this allows access to long-lived or
rare states in slow reactions, which would be mis-characterised
in a bleaching-limited system. Long-lived states and slow
transitions have also been suggested for many proteins, nucleic
acids and their complexes and they might be critical to
understand mechanisms and defining rate-limiting steps.

For example, consider the RNA polymerase (RNAP) clamp, a
key structural module for all gene transcription systems.
Previously, we showed that the clamp adopts three conforma-
tions that interconvert within ~1s; most molecules, however,
showed no dynamics over the bleaching-limited observation
span (~10s).*Y Since all RNAP molecules can adopt a specific
clamp conformation upon adding DNA, the apparently static
RNAP molecules must switch conformations at timescales of
>10s. We indeed observed slow conformational switching
using reduced frame rates,*” but our statistics were severely
limited by bleaching, while the reduced frame rates led to
missed events at fast timescales. Such slow transitions with
substantial functional relevance have also been suggested for
other DNA-processing machines, such as the RecBCD DNA
helicase.*® REFRESH would offer a means to monitor both slow
and fast conformational changes without sacrificing temporal
resolution.

Further, REFRESH enables observations on the same mole-
cule throughout multiple rounds of its activity, for example, the
same protein molecules can be monitored during several
rounds of the catalysed reaction of the same or different
substrate, or in the presence of other molecules which may
alter the protein behaviour. For example, real-time imaging can
time events in transcription elongation, such as transcriptional
pausing, arrest and termination over long periods of time and
during many rounds of transcription on the same RNAP
molecule. Complementary to this idea, we can also monitor a
substrate molecule through several rounds of processing by
different enzymes, for example, we envision systems that detect
the repeated synthesis and/or degradation of specific RNA
molecules both in vitro and in vivo using transient fluorescent
insitu hybridization (FISH).*" Importantly, the reversible
nature of renewable labelling would permit interactions with
RNA-processing proteins without the interference caused by
stably bound FISH probes. We also foresee a large range of

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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other potential applications, such as the development of
improved biosensors, and new cellular imaging methods.

Experimental Section

Holliday Junction Annealing and Immobilisation on Surfaces
Oligos were obtained from Metabion and Merck, dissolved to a final
concentration of 100 uM, and stored at —20°C (for Sequences, see
Table S1). HJ components (strands: HJ-H, HJ-B, HJ-X or HJ-XI, HJ-R
or HJ-RI) were mixed in annealing buffer (200 mM Tris-HCI pH 8.0,
500 mM NaCl, 1 mM EDTA) at 2-4 uM, and then annealed in a
thermocycler (program: heating to 90°C, then cooling to 25°C at
2°C/min, storing at 4°C).

HJs were immobilised via a biotinylated H-strand binding NeutrAvi-
din on coverslips coated by polyethylene-glycol (PEG). In wells of
silicone gaskets, 20 pL of the HJs (100 —500 pM) were incubated for
10-30s, followed by washing three times with 200 uL PBS.
Subsequently, 30 pL of DNA imaging buffer (200 mM MgCl,, 10 mM
NaCl, 50 mM HEPES pH 7.4, 6 mM BSA, 3 mM TROLOX, 1% Glucose,
40 pg/ml catalase and 0.1 mg/ml glucose oxidase) containing the
stated r-label concentrations were added. For hour-long acquisition
of FRET dynamics, the buffer was renewed at a rate of 6 uL/min,
allowing for a complete volume exchange every 5 min.

Movie Acquisition

Single-molecule fluorescence movies were collected using the
Nanoimager-S single-molecule fluorescence microscope (Oxford
Nanoimaging). The microscope was used as a widefield single-
molecule fluorescence microscope with objective-based total
internal reflection fluorescence (TIRF) illumination mode, with the
excitation angle set at 53.6°. We performed the imaging using
continuous-wave excitation (532 nm for Cy3B and 640 nm for
ATTO647N) or alternating laser excitation (ALEX) mode, with the
laser powers of 12-13% (2.9-3.6 mW) at 532 nm; and 6% (1.4 mW)
at 640 nm. In all experiments, we used 100-ms exposures and ALEX
movies were recorded at 100 ms/frame/excitation, leading to traces
with 200-ms temporal resolution.

Fluorescence Trace Extraction

Movies were corrected for lateral drift as follows: localisations were
found using Picasso®" ‘localize’ and were then loaded in ‘render’
and un-drifted by redundant cross-correlation (RCC). The created
drift file was used in a custom MATLAB (MathWorks) script to un-
drift individual frames, which were then combined using FIJI.5?

For all data except the red 1-hr trace, fluorescence intensity vs. time
traces were extracted and background-corrected using TwoTone.*?
The program extracts the fluorescence intensity in the green and
red channel upon green excitation (DD and DA, respectively), and
in the red channel upon red excitation (AA). Traces were manually
inspected and any traces in which multiple molecules were
detected, were discarded.

For one-colour experiments, the DD signal was used for localisation,
and the AA signal was plotted as intensity vs time traces. In FRET
experiments, all three signals were used to calculate the apparent
FRET efficiency E and donor-acceptor stoichiometry S were
calculated as follows:**

E=DA/(DD + DA) M

ChemPhysChem 2023, 24, €202300175 (7 of 8)

S=(DA+DD)/(DD + DA + AA) )]

Two-dimensional E-S plots were used to select data points which
contain both donor and acceptor dyes, for which E histograms
were plotted.

Further analysis and HMM fitting were performed using ebFRET.""
We fitted two distinct FRET states and extracted dwell time
histograms for each state. By fitting these with a single exponential,
the transition rates were determined. Stated rates with errors are
means and standard deviations, respectively, of three independent
experiments. The figures show exemplary data from one of multiple
experiment per condition. All traces and histograms were plotted
using Origin (OriginLab).

Determining Binding Kinetics of the r-Labels

For extraction of dwell times from our fluorescence time traces, we
performed HMM fitting on the intensity vs time traces obtained for
both r-labels. Fitting worked well on the green traces, but for the
red label, the multiple emission states of ATTO647N combined with
the two intensity levels resulting from two bound fluorophores lead
to difficulties for HMM fitting. We thus resulted to using local-
isation-based information extracted using Picasso®" for fitting dwell
times for the red r-label. Localisations were extracted using the
‘localize’ tool and then un-drifted using redundant cross correlation
(RCC). All remaining localisations were filtered for in sx/sy for the
main population and linked allowing one dark frame between
localisations. From this data, the length of binding events (=on
times) and the dark time between events (=off time) can be
extracted.

To give readers straightforward numbers for the hybridisation
kinetics in the main text, we have calculated mean values of t 4 and
t,n and the inverse values as k,, and k., respectively. From
previous studies, we know, however, that the hybridisation kinetics
are indeed better described by a bi-exponential decay with two
independent decay constants. Please see the supplementary
material and Figure S1 for the bi-exponential fitting of the kinetics.
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