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Abstract

Single-molecule fluorescence techniques have been successfully applied to 
uncover the structure, dynamics and interactions of DNA, RNA and proteins 
at the molecular scale. While the structure and function of these biomolecules 
are imposed by their sequences, single-molecule studies have been limited 
to a small number of sequences due to constraints in time and cost. To gain a 
comprehensive understanding on how sequence influences these essential 
biomolecules and the processes in which they act, a vast number of sequences 
have to be probed, requiring a high-throughput parallel approach. To address 
this need, we developed SPARXS: single-molecule parallel analysis for rapid 
exploration of sequence space. This platform enables simultaneous profiling 
of millions of molecules, covering thousands of distinct sequences, at the 
single-molecule level by coupling single-molecule fluorescence microscopy 
with next-generation high-throughput sequencing. Here we describe how 
to implement SPARXS and give examples from our study into the effect of 
sequence on Holliday junction kinetics. We provide a detailed description 
of sample and library design, single-molecule measurement, sequencing, 
coupling of sequencing and single-molecule fluorescence data, and data 
analysis. The protocol requires experience with single-molecule fluorescence 
microscopy and a basic command of Python to use our Papylio package 
for SPARXS data analysis. Familiarity with the underlying principles of 
Illumina sequencing is also beneficial. The entire process takes ~1–2 weeks 
and provides a detailed quantitative picture of the effect of sequence on the 
studied process.

Key points

	• SPARXS combines single-
molecule fluorescence 
microscopy with next-generation 
high-throughput sequencing. This 
enables simultaneous profiling of 
millions of molecules, covering 
thousands of distinct sequences, 
at the single-molecule level.

	• By analyzing a multitude 
of sequences in parallel, this 
approach overcomes the need 
to select representative model 
sequences for single-molecule 
experiments. It eliminates 
potential bias and enables 
identification of sequence 
patterns, obtaining sequences 
with particular characteristics and 
finding the mechanisms behind 
sequence-specific behavior.
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Introduction

Single-molecule fluorescence microscopy is a valuable tool to study molecular processes 
and their components in great detail1–3. In contrast to ensemble measurements, single-
molecule techniques enable the characterization of a heterogeneous population and allow the 
detection of transient and rare states. However, single-molecule assays are limited to probing 
a single sample or condition at a time and are therefore too labor-intensive for investigating 
large sample libraries. These assays are commonly applied to understand the behavior of 
biomolecules, most notably DNA, RNA and proteins. Because their structure and function are 
defined by the sequence of their building blocks, it is important to understand the influence 
of this sequence. To achieve this, up until now, a set of model sequences had to be carefully 
selected and measured to infer the effect of sequence on the studied molecule or process. The 
selection of representative model sequences can, however, be difficult and may introduce a bias 
as they are often chosen with a certain expected behavior in mind. Furthermore, by studying 
only a small number of sequences, important insights or patterns that are specific to other 
sequences might be missed. Thus, to obtain a deep understanding of the effect of sequence, 
a vast number of sequences must be covered, and a multiplexing single-molecule approach 
is essential.

Development of the Protocol
Several groups have harnessed the power of next-generation high-throughput sequencing in 
combination with biochemical and biophysical assays4–7. In this approach, introduced in 2011, 
the millions of DNA clusters formed during the sequencing process are used to perform affinity 
measurements with fluorescently labeled protein ligands8. Later, similar experiments were 
performed with RNA9 and small-molecule10 ligands. Furthermore, through transcription and 
translation of the DNA clusters after sequencing, the technique has been extended to study 
the effect of sequence variations in RNA11,12 and proteins13,14. These methods have resulted in a 
wide range of new insights into the effects of sequence on molecular structure and function. 
However, while insightful, these were all bulk approaches averaging over ~1,000 molecules 
per DNA cluster. Building upon these approaches, we have developed single-molecule parallel 
analysis for rapid exploration of sequence space (SPARXS), which brings these large-scale, 
parallel biochemical and biophysical assays to the single-molecule level15. This opens a myriad 
of new possibilities to study the kinetics of complex systems in greater detail.

SPARXS provides a platform for multiplexing single-molecule fluorescence studies in 
sequence space. It is suited for biochemical and biophysical assays that require single-molecule 
resolution and that study sequence-dependent processes. Single-molecule fluorescence 
methods generally provide information in the form of the number of available states, Förster 
resonance energy transfer (FRET) efficiencies, transition rates and equilibrium constants and 
can also observe heterogeneities within populations16–18. This information sheds light on the 
underlying energy landscape. Expanding into the sequence dimension can then provide a 
thorough insight into the effect of sequence on the studied process that cannot be obtained 
with low-throughput assays. In our recent study, we demonstrated these features using a DNA 
structure named the Holliday junction15. This four-way DNA junction is an intermediate in 
homologous recombination, and it was shown to switch between two structurally different 
states. The switching rates depend on the sequence at the core of the junction. While previously 
only several sequences were probed at the single-molecule level, using SPARXS, we could 
expand this number to 4,096 different sequences, giving a detailed overview of the sequence-
dependent energy landscape and providing quantitative insights into the molecular working 
mechanisms.

Bringing these assays to the single-molecule level was not trivial and required overcoming 
several challenges. One issue involved the compatibility of single-molecule assays with the 
commercial sequencing process. The fluorescence signals from individual molecules are much 
weaker than those obtained in bulk studies and during sequencing. Therefore, it was unclear 
whether these signals could be detected at all on a commercial sequencing chip. Detecting 
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green fluorescence, for example, required the removal of the natively present background 
signal. Furthermore, single-molecule fluorescence signals are more prone to photobleaching 
and molecular defects, resulting in increased noise and a decreased molecule count. This, 
in turn, increased the difficulty of finding the correspondence between the single-molecule 
and sequencing datasets. To achieve this still, we employed multiple algorithms for dataset 
alignment, and we used a statistical model to estimate the accuracy. Finally, the smaller field of 
view (FOV) and time-series imaging for single-molecule experiments result in large datasets. 
This required the development of new software to execute the analysis within reasonable 
amounts of time. To perform all data analysis steps for SPARXS, we developed an integrated and 
open source Python package called Papylio.

Required experience
Single-molecule fluorescence experiments form the basis of SPARXS and experience in this 
area is, thus, essential. Experience with and knowledge of Illumina sequencing and data 
analysis are useful but can be more easily obtained as it is a standardized and commercially 
available procedure. Finally, familiarity with the Python programming language is essential 
for performing data analysis using our Papylio package and will allow customizing the analysis 
pipelines for specific applications.

Overview of the method
A SPARXS experiment (Fig. 1) starts with the design of a library, comprising thousands of distinct 
sequences, that is compatible with single-molecule measurements as well as Illumina sequencing 
(‘Experimental design’ section). The library is immobilized on a sequencing flow cell (Steps 1–14), 
after which the single-molecule measurement is performed on the flow cell by scanning the 
surface using a total internal reflection fluorescence (TIRF) microscope (Steps 15–23). Following 
single-molecule data acquisition, the same flow cell is sequenced on a MiSeq sequencer 
(Steps 24–47). To couple the sequences with their corresponding single molecules, the positions 
of sequences and single molecules in the two separately produced datasets are aligned using 
point set registration algorithms and correspondence is determined based on colocalization 
(Steps 48–78). Finally, the sequence-coupled single-molecule fluorescence data are analyzed to 
extract parameters such as intensities, FRET efficiencies, kinetic rates and the energy landscape 
of the biological system under study (Steps 79–81). Multiple data visualization and analysis 
strategies can then be applied to discover patterns, top performers and outliers.
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Fig. 1 | Overview of SPARXS. A SPARXS experiment starts with a preparatory 
stage, comprising library design and construction (1) and the choice of 
sequencing flow cell (2) (Steps 1–7). In the second stage, the data acquisition 
stage, the library is immobilized on the flow cell and the single-molecule 
fluorescence experiments are performed (3), acquiring a series of images over 
time (4) (Steps 8–23). Subsequently, the flow cell is placed in the sequencer 
(5) to obtain the sequencing data (6) (Steps 24–47). Next is the data analysis 

stage, where aligning the single-molecule coordinates with sequencing cluster 
positions (7) (Steps 48–73) enables coupling of individual single-molecule 
fluorescence time traces to sequences (8 and 9) (Steps 74–78). Analysis of this 
sequence-coupled data yields a relation between the metric of interest and the 
underlying sequence (10) (Steps 79–81). The figure was adapted with permission 
from ref. 15, AAAS.
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Applications
As biology is governed by sequence-dependent processes, our method can be applied to a 
wide variety of systems studying biomolecular structure and interactions. For the current 
Protocol, we use the Holliday junction, an intermediate in homologous recombination, as an 
example system. We also cover more general experimental design considerations since the 
platform could be applied to many other systems and processes traditionally studied using 
single-molecule fluorescence assays, such as time-dependent structural studies of nucleic 
acids and studies of interactions of nucleic acids with other nucleic acids, proteins or small 
molecules. Interactions between Cas9 and its target DNA were, for example, characterized 
using the similar MUSCLE platform19 (see the ‘Comparison with other methods’ section below). 
Finally, SPARXS is in principle not limited to single-molecule measurements on DNA, as long as 
the sequence variation can, in the end, be captured in a DNA sequence. RNA could, for example, 
be studied using a similar protocol where an RNA library instead of a DNA library is used and 
reverse transcription is performed between the single-molecule measurement and sequencing. 
In addition, protein libraries could also be studied using SPARXS, by protein translation from 
RNA or by coupling to a DNA barcode.

Comparison with other methods
Concurrently with SPARXS, a similar method called multiplexed single-molecule 
characterization at the library scale (MUSCLE) was developed19. MUSCLE uses the same 
concept of combining single-molecule fluorescence microscopy with Illumina next-generation 
sequencing. There are several technical differences between the two methods, providing 
options that can be used interchangeably depending on the specific application. One notable 
difference is that in MUSCLE the library is ligated to the sequencing adapters on the flow cell 
surface before imaging, while in SPARXS this covalent coupling is achieved through DNA 
polymerization after imaging. Ligation reduces the risk of detaching library members during 
imaging, which can be advantageous when the experiment requires imaging at elevated 
temperatures. However, it introduces ligase into the flow cell, which could potentially interfere 
with the single-molecule experiment. Both methods introduce a custom three-dimensional 
(3D)-printed adapter, where the one used for MUSCLE features fluidic connectors that are 
convenient for assays requiring extensive buffer exchange during the imaging step. In addition, 
both methods remove native single-molecule-like fluorescence on the flow cell by exposure to 
light. For MUSCLE, this is performed using a laser on the microscope, while for SPARXS, this is 
performed under an LED lamp. Finally, SPARXS introduces a new way for establishing the global 
scaling and rotation between the single-molecule and sequencing imaging modalities that does 
not require any prior knowledge about these variables.

To perform biochemical and biophysical assays for various sequences, several other 
options are available. If the sequence throughput is low, that is, up to tens of sequences, then 
performing regular single-molecule experiments in series will be easier and faster. Alternatively, 
low-throughput parallel single-molecule approaches may be used that determine the sequence 
by binding of DNA probes with sequence-specific kinetic or fluorescent properties20–23. On the 
other hand, if high-throughput is required but measurements on the bulk level instead of the 
single-molecule level suffice, then these are easier to perform and permit a higher throughput. 
This can, for example, apply for static systems or for measuring the equilibrium constant in 
simple two-state systems. In these cases techniques such as DNA microarrays, systematic 
evolution of ligands by exponential enrichment (SELEX)-seq, and biochemical or biophysical 
assays on next-generation sequencing chips can be used6,7,24,25. For more complex and  
high-throughput systems, SPARXS would be the method of choice.

Limitations
One limitation of SPARXS is imposed by the combination with next-generation Illumina 
sequencing, which requires flanking of the sequencing library by sequencing adapters that 
are tens of nucleotides long. Moreover, the flow cell surface contains a high density of short 
DNA oligos for sample immobilization and amplification. SPARXS thus demands control 
experiments to ensure that there are no undesired effects of the sequencing adapters and the 
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DNA on the flow cell surface. A second limitation of SPARXS is the long acquisition time, which 
spans hours to days. To ensure consistent data quality throughout the experiment, it is essential 
to assess the stability and activity of the system under study. In some cases, for example 
involving proteins, this might require continuous or repeated refreshment of the reaction 
mixture during the experiment. Third, measuring irreversible reactions will be challenging and 
will require methods to spatially control the start of the reaction. Finally, the region of sequence 
space that can be probed is limited. Currently, we can perform millions of single-molecule 
experiments for various sequences. However, due to the susceptibility of single-molecule 
experiments to variability and defects, it is necessary to measure tens to hundreds of molecules 
per sequence to obtain reliable values. This limits the throughput on the MiSeq to ~10,000 
sequences. Going beyond is possible but would require improving the conversion of single 
molecules to clusters and/or using sequencers with increased throughput. However, for many 
applications 10,000 sequences will already provide more than sufficient information.

Experimental design
When designing the single-molecule fluorescence assays used in SPARXS experiments, similar 
aspects need to be considered as for conventional single-molecule experiments. Examples 
include selecting appropriate labeling strategies, imaging buffer composition and imaging 
modalities1,26. In addition, even though the surface-based sequencing method of Illumina was 
chosen for its compatibility with single-molecule experiments6, the sequencing component of 
SPARXS imposes extra considerations for sample and experiment design.

Sample design
When designing a DNA sample for SPARXS, there are three main factors to consider. First, 
the sample must be compatible with Illumina sequencing. This requires the sequence of 
interest to be flanked by sequencing adapters (Fig. 2a). Each adapter consists of a region for 
hybridization to the oligos on the flow cell surface (p5 and p7) and a region for priming the 
sequencing reaction (read 1 and read 2 primers; r1p and r2p, respectively). The sequences 
of these regions can be found in Supplementary Table 1. The read 1 primer region is always 
required, while the read 2 primer region is only required for paired-end sequencing, which 
can be used to sequence the two opposite ends of the DNA separately or to sequence the same 
region twice to obtain higher accuracy27. Customization of the read 1 and read 2 sequencing 
primers is supported by Illumina and can thus be used to replace the default primer sequences 
in case they interfere with the single-molecule experiment or to start sequencing at other 
locations within the DNA construct. Furthermore, short index sequences may be included in 
the adapters (between p5 and r1p, or p7 and r2p) (Fig. 2a) that vary for each sample in the library 
and can serve as the main sample identifier or as an additional control for the sample sequence. 
To increase sequencing quality, it is advised to avoid homopolymer sequences and to ensure 
ample nucleotide diversity in the sequenced region28 (see Illumina’s ‘Cluster Optimization 
Overview’ and ‘What is nucleotide diversity and why is it important?’ documents). In the first 
25 sequencing cycles, nucleotide diversity is important because in these cycles several metrics 
are calculated that affect the overall sequencing run quality. Particularly, the first 4 cycles for v2 
and first 7 cycles for v3 chemistry are critical because in these steps the position of each cluster 
is determined. Therefore, in addition to overall sequence diversity, the library should contain all 
four nucleotides at these positions. Possible strategies to ensure sufficient nucleotide diversity 
include: spiking in a diverse sample in the same run, adding a stretch of random nucleotides in 
these first crucial cycles or using several shifted versions of the sample (Fig. 2b). For example, 
in the case of the Holliday junction, the first 15 nucleotides of the sample were randomized and 
another sample with a randomized insert sequence was added with an amount approximately 
equal to that of the original sample. Finally, any modifications to the DNA, such as fluorophores, 
could affect the efficiency and error rate of the DNA polymerase in the first amplification 
cycle. Our data for the Holliday junction indicate that there is a slight decrease in sequencing 
accuracy two nucleotides upstream of the Cy3 and Cy5 dyes (Supplementary Fig. 1). Therefore, 
we recommend placing any fluorophores at least three nucleotides away from the sequence of 
interest or place them on a second strand that is hybridized to the strand that is polymerized.
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Second, after the adjustments for sequencing, the sample should still be compatible 
with the single-molecule assay (Fig. 2c). The sequencing adapters, for example, may block 
the sequence of interest by the formation of secondary structures or may present competing 
binding sites. In case of a single-stranded DNA or RNA binding site, this may be solved 
by shielding the adapters (except for the region hybridizing to the surface-p5/p7) with 
complementary oligos (Fig. 2c, bottom left), whereas in case of a double-stranded binding site, 
the adapters may be intentionally left single-stranded (Fig. 2c, bottom right). Alternatively, 
in case the sequencing primer sites are problematic, their sequence can be changed using 
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Fig. 2 | Overview of design considerations for a SPARXS experiment. a, The 
requirements of the sample for compatibility with sequencing. The insert, 
including the sequence of interest (SOI; the part of the insert that needs to 
be known after sequencing) for the specific experiment, must be flanked by 
sequencing adapters that should contain regions for hybridization to the 
flow cell (p5 and p7), regions for the sequencing primers to bind (r1p and r2p) 
and optional index regions for identifying different samples (i5 and i7) (see 
Supplementary Table 1 for the sequences). b, Sequence diversity is important 
for sequencing quality and can be achieved through partial randomization of the 
first nucleotides of the sample, using several shifted versions of the sample or 

spiking-in an additional diverse sample. c, After the adjustments for sequencing, 
the sample should still be compatible with the single-molecule assay. Consider 
undesired secondary structure formation within the sample and undesired 
interactions of the ligand with the sequencing adapters. A possible preventive 
measure is making certain parts of the sample single-stranded DNA (ssDNA) or 
double-stranded DNA (dsDNA). d, The single-molecule assay itself should not 
lead to loss of sequencing adapters or modifications of the sample that prevent it 
from being polymerized. A work-around is using a barcode encoding the identity 
of the sequence of interest. e, The options for library generation.
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custom primers. The flow-cell binding p5 and p7 regions of the sample and the p5 and p7 oligos 
natively present on the flow cell surface can, however, not be customized and it should thus be 
verified that ligands do not interact with these sequences (Fig. 2c, top right).

Third, the single-molecule measurement itself should not alter the sample in such a way 
that it cannot be sequenced anymore (Fig. 2d, left). In general, this means that the sequencing 
adapters must remain intact, and the sample should be polymerizable. For example, in cleavage 
studies the free adapter and sequence of interest should not be cleaved off. In addition, the end 
of the surface-bound p5 or p7 oligos should be accessible for DNA polymerase to enable surface-
based amplification. Also, there should be no chemical modifications or strongly bound proteins 
that prevent the DNA polymerase from proceeding until the end of the sequencing adapter. 
In such cases, the cleavable or blocked region can be placed at the 5′ end of the sample DNA and 
a barcode in the insert region can be used to report its sequence (Fig. 2d, right). However, such 
one-time reactions bring an additional challenge as, due to the long imaging time, they cannot 
be studied unless their timing can be controlled such that they occur exclusively in the area 
imaged at that moment. For this issue, photocaging might provide a solution where a photolabile 
protecting group, added to the sample, prevents the reaction from occurring until it is removed 
through local excitation with light29,30.

Validation of sample design
Before generating a library and performing a single-molecule experiment on a sequencing flow 
cell, it is highly recommended to perform extensive testing on conventional single-molecule 
flow cells with several selected sequences from the library. This allows early detection of errors 
in sample or experimental design, acts as a control for results obtained from the sequencing 
flow cell and allows the development and testing of the single-molecule data analysis pipeline. 
To make the experiment as comparable as possible with a sequencing flow cell, p5 and p7 oligos 
should be immobilized at a saturating concentration (for example, 1 μM each). These conditions 
can also be used to test ligands and sample sequences without p5 and p7 regions for non-intended 
binding to the surface oligos. In addition to controls on conventional flow cells, it is critical to 
test for nonspecific interactions with the surface of an empty sequencing flow cell, as the surface 
conditions may differ. Once these tests are passed, the sample design can be used to generate 
a full library.

Library generation and validation
Once the sample is designed, there are multiple approaches to turn it into a library (Fig. 2e). 
The choice depends, among others, on the length of the sequence of interest, the depth of 
the sequence space to be probed and the available budget. The fastest and most affordable 
approach is to order synthetic DNA with degenerate bases at the positions of interest. 
Depending on the length of the insert DNA and the necessary modifications, the final DNA 
sample may be constructed by ligating multiple DNA oligonucleotides. We applied this 
approach for the 207-nt Holliday junction construct, that we obtained by ligating a 134-nt and 
a 73-nt synthetic oligo. Library generation was performed using a combination of degenerate 
bases and mixing of different constructs. This allowed us to fully randomize four positions 
while ensuring base pairing at four other positions, giving the final library size of 4,096 with 
variations at eight positions15.

Even for this high-throughput technique, there are limits to the library size. The maximum 
depends on the required number of molecules per sequence for data analysis and the 
homogeneity of the library. Currently we can measure ~0.5 million sequence-coupled molecules 
in a single SPARXS experiment15. With a uniform coverage of 20 single molecules per sequence 
this results in a maximum library size of 25,000, and a maximum randomized length of 7 nt 
(corresponding to 47 = 16,384 sequences). When the randomized region becomes longer, 
the coverage per sequence will decrease, resulting in missing sequences. In that case, other 
methods can be used that select specific sequences of interest. Amplifying a library using 
error-prone PCR or ordering oligos produced through doped synthesis enables the study of 
mutations with respect to a reference sequence. Alternatively, any subset of sequences can 
be selected by synthesizing a customized oligo pool. While considerably more expensive and 
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most likely incompatible with internal dye labeling strategies, this approach gives full control 
over which sequences are probed. In addition, oligo pools allow easy introduction of unique 
barcodes that can be used to increase the confidence of sequence identification or to report 
the complete DNA sequence in case sequencing of the region of interest is impossible. For 
investigating various genomic sequences or to just obtain a large variety of sequences, another 
option is to generate a library by fragmenting genomic DNA.

For each new library we recommend testing on a conventional flow cell to verify whether 
the used concentration is correct and to obtain an idea of the expected signal. It will also be cost 
effective to first test it using the least expensive, lowest throughput sequencing chip available 
(Fig. 3a). Performing a SPARXS experiment using the lowest throughput sequencing flow 
cell (for example, MiSeq Nano) gives an indication of library homogeneity, molecule density, 
sequencing efficiency and library coverage.

Single-molecule measurements on a sequencing flow cell
The next steps involve using the full library on a sequencing flow cell. Selection of the 
appropriate flow cell depends on the library size and desired coverage per sequence. In general, 
the number of sequence-coupled molecules spans a range from roughly 100,000 for the v2 
Nano to 1.25 million for a v3 flow cell (Fig. 3a).

If the single-molecule fluorescence experiment involves detection of emission in the Cy3 
channel, the sequencing flow cell must be bleached before immobilization of the library to 
remove background fluorescence (Fig. 3b). This fluorescence can be removed by exposing the 
flow cell to 456 nm light for several hours (Fig. 3c). Due to possible remaining background in the 
Cy3 channel, using the Cy5 channel will be preferred when doing single-color measurements. 
Another source of background fluorescence, more homogeneous in nature, presents itself in 
the Cy5 emission channel upon green laser excitation (Fig. 3b) and can probably be attributed 
to autofluorescence of the glass from which the flow cell is constructed or possibly from the 
surface passivation layer that is present in the flow cell interior. While the signal cannot be 
eliminated by bleaching, it is sufficiently low to perform single-molecule FRET experiments 
when illumination through the coverslip is used, that is, in objective-type TIRF microscopy 
(Fig. 4a). For prism-type TIRF microscopy, the FRET signal is not distinguishable above the 
autofluorescence background (Fig. 4a), probably because the laser passes through the thicker 
part of the glass, generating more autofluorescence signal, or because the type of glass is 
different compared with the coverslip. Still, when FRET is not required it is possible to excite 
the Cy3 and Cy5 fluorophores separately and study their colocalization.

Once the flow cell is bleached, the sample is introduced in the flow cell and immobilized 
by hybridization to either the p5 or p7 oligos present on the flow cell surface (Fig. 3d). Whether 
the p5 or p7 is used depends on the sample design containing the complementary p5′ or p7′ 
sequence (Fig. 2a). During a regular sequencing run, hybridization is performed by heating 
the sample to 75 °C for 5 min and then cooling the sample to 40 °C within 5 min. While a similar 
protocol can be performed manually, hybridization at room temperature (18–22 °C) is preferred 
for samples composed of multiple oligonucleotides annealed together, for example, samples 
with oligos blocking the adapter sequences except for the surface binding region (Fig. 2c) or 
for samples where nucleic acid structure is important. In these cases, the annealing or folding 
steps can be performed before immobilization using a thermocycler. Hybridization of the 
sample onto the flow cell is then achieved by inserting the prepared sample into the flow cell and 
incubating for 30 min at room temperature. In case the experimental conditions would melt 
the DNA from the surface adapters, a DNA polymerization step can be performed that extends 
the surface primer and thus produces a covalently attached copy of the sample DNA. Another 
approach would be to ligate a sample to the surface adapter19.

Finally, the nonhybridized oligos are flushed out, and the buffer is replaced by imaging 
buffer. The imaging buffer should contain all components necessary to maintain the desired 
reaction conditions for the full duration of the experiment. In addition, it should contain a 
triplet state quencher, such as Trolox, to prevent blinking and an oxygen scavenger system 
to prevent photobleaching of the fluorophores. Among several oxygen scavenger systems, 
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the 3, 4-dihydroxybenzoic acid (PCA)/recombinant protocatechuate 3,4-dioxygenase (PCD) 
or pyranose oxidase/catalase oxygen scavenger systems are preferred. The alternative glucose 
oxidase/catalase system can alter the pH of the solution, which may have effects for long 
measurements31,32.

When measuring DNA-only systems or other systems that are stable over long imaging 
times, the flow cell may be sealed after inserting the imaging buffer. First, the glass part of 
the flow cell is taken out of the plastic encasing and the inlet and outlet are covered using 
air-tight tape to prevent oxygen influx into the channel and evaporation of the imaging buffer 
(Fig. 3e). However, in cases involving proteins, the protein activity might decrease over time, 
necessitating buffer refreshment. This issue can be addressed by connecting the sequencing 
flow cell to an automated fluidics system for regular buffer refreshments19 or by increasing the 
FOV size to allow faster imaging.

Imaging settings can be chosen similarly to conventional single-molecule experiments. 
However, the total duration of imaging should be considered, which depends on the FOV-size, 
the size of the flow cell and the imaging time per FOV. For a FOV-size of 64 µm × 32 µm imaged for 
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1 min, a full v3 chip is scanned in roughly 5 d. Before starting the single-molecule measurement, 
it is recommended to always make a test image, extract the desired data and determine whether 
the acquired data is of sufficient quality.

For scanning of the flow cell, an automated stage and focusing system are essential. The 
main reason is the large number of FOVs, ranging from ~1,000 for a small MiSeq v2 Nano chip 
to ~7,500 for a full v3 chip which could take several days to acquire (Fig. 4b). To scan the correct 
area, the automated stage should be calibrated using reference points. We found that the edges 
of the flow channel (Fig. 3f, positions P2 and P3) and the edge of the glass chip (Fig. 3f, position P1) 
provide robust reference points for repeatably finding the correct imaging location, usually 
within ~30 µm. Starting locations and scan areas vary for different MiSeq flow cell types (Fig. 3f). 
Once the stage calibration is completed, the stage can be moved to the starting position and 
scanning parameters can be configured. While scanning, the produced images should be 
regularly checked, so that technical issues such as failing imaging buffer or focusing problems 
can be detected early.

Once single-molecule imaging is completed, the location of visible molecules and their 
fluorescence intensity and derived FRET efficiency can be extracted from each obtained movie, 
similar to conventional single-molecule experiments1 (Fig. 4c,d). In the process, corrections 
can be applied to images and traces for, among others, spatial variations in illumination, 
background signal, leakage between emission channels and variations in detection efficiency 
for specific wavelengths1. These corrections can make downstream analysis easier as signals 
are more consistent from molecule to molecule, simplifying molecule filtering and trace 
classification. However, trace analysis can best wait until the single-molecule dataset is coupled 
with the sequencing data, because the traces without a sequence can then be discarded, 
reducing the necessary computation time.

Sequencing after single-molecule experiments
After performing the single-molecule experiments on the flow cell, the next stage is sequencing 
(Fig. 5). While a standard sequencing run includes hybridization of the DNA library onto the flow 
cell by the sequencer, in a SPARXS experiment, the DNA library is already hybridized onto the 
flow cell. In the sequencing process, priming of the fluidics systems before hybridization and 
the hybridization step itself are problematic as they will introduce, among others, formamide 
in the flow cell and will heat the chip to 75 °C, respectively. Both formamide and heating cause 
denaturation of DNA, thereby removing the hybridized DNA library from the surface, making it 
impossible to perform sequencing in a SPARXS experiment. To prevent loss and displacement of 
the measured DNA molecules before bridge-amplification to clusters, a manual polymerization 
step is introduced (if not already performed earlier) before loading the flow cell in the sequencer 
(Fig. 5b). The p5 or p7 surface oligos to which the sample DNA is hybridized are extended using a 
polymerase, creating a copy of the sample that is covalently attached to the surface.

To increase nucleotide diversity and to reach a molecule and cluster density that is 
sufficient for sequencing, it is generally good practice to add an additional randomized 
sample (see Supplementary Table 2 for an example). This sample can be added to the sample 
reservoir of the reagent cartridge, similar to the procedure in a regular sequencing run. The 
required concentration will depend on the sample concentration used for the single-molecule 
assay, usually an amount similar to the original sample will be a good starting point. Just as 
for the sequence library, the concentration of the randomized sample needs to be precisely 
determined, as too high and too low concentrations may result in sequencing failure.

After setting up and starting the sequencing run (Fig. 5c) the sequencer performs a series 
of automated steps. First, the template strand is removed and the complementary strand is 
copied through several rounds of surface-based amplification using the p5 and p7 oligos on the 
flow cell as primers, a process named bridge amplification33 (Fig. 5d). This results in millions 
of DNA clusters, each consisting of ~1,000 molecules and having a size of ~1 µm. The actual 
sequencing process starts by hybridizing the sequencing primer (for example, read 1 primer) 
and incorporating fluorescently labeled nucleotides one at a time. After each incorporation 
step the clusters are imaged and the incorporated bases are recognized by their fluorescence 
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emission color. After read 1, for suitable samples index 1 (i7), index 2 (i5) and read 2 can be 
performed. When using a sequencer other than the MiSeq, there may be differences in flow 
cell design, tile locations, and sequencing chemistry. Therefore, using other sequencers may 
require adaptations of the SPARXS protocol (Box 1).

After sequencing is complete, a FASTQ file is produced containing the sequence of each 
cluster, the quality of the bases and other metadata such as the sequencing tile and the cluster 
coordinates within the tile (Fig. 5e). To separate sequences of different samples combined in 
the library and to correct any gaps or insertions introduced during sequencing, the data can 
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be aligned to reference sequences on which the library was based. Well-known aligners for 
short-read sequences are Bowtie 2 (ref. 34) and bwa35. Although similar in performance, we 
recommend Bowtie 2 because it can handle degenerate bases in the references. The alignment 
uses the FASTQ file to construct a SAM file, containing for each sequence among others the 
name of the used reference and the precise read alignment, in addition to the data that were 
already present in the FASTQ file. Obtaining the SAM file concludes the construction of the 
sequencing dataset, which can now be combined with the single-molecule dataset.

Coupling sequencing and single-molecule fluorescence data
Coupling sequencing and single-molecule data requires finding the precise location of one 
dataset with respect to the other. Therefore, the molecule locations extracted from the 
images (Fig. 4c) are aligned with the locations of the sequencing clusters that are reported in 
the FASTQ and SAM file (Fig. 5e). We use a three-step procedure for alignment36: (1) finding 
the global rotation and scaling between the specific microscope and sequencer; (2) stitching 
together the single-molecule coordinates and finding the translation with respect to each 
sequencing tile; and (3) fine-tuning the alignment of each individual single-molecule image to 
the sequencing data.

The global alignment step is challenging as the overall transformation is unknown. 
Moreover, in the process between the single-molecule measurement and sequencing data 
output, a large percentage of the molecules is lost, making the alignment even harder. 
Therefore, the first alignment step can be best performed using fluorescence data at the 
cluster level after a sequencing run (Fig. 6). The high signal-to-noise ratio and the fact that the 
same clusters were imaged by the sequencer yields a high similarity between the sequencing 
and fluorescence datasets. In addition, a low concentration of a recognizable DNA sequence 
(~1,000/mm2), referred to as the mapping sequence (see Supplementary Table 2 for an 
example), should be used to reduce the size of the matching problem. After sequencing, all 
clusters show fluorescence as the complementary strand generated during sequencing is still 
present (Fig. 6a). Therefore, this strand is removed using NaOH, which substantially decreases 
the fluorescence (Fig. 6b). The clusters of the mapping sequence are then visualized by 

BOX 1

SPARXS on other Illumina sequencers
Due to similar sequencing chemistries among the different Illumina 
sequencers, SPARXS may be readily applied on other models than 
the MiSeq. There are, however, several differences in patterning, 
cluster density and flow cell size that should be considered.

For both patterned and nonpatterned flow cells, the sample 
concentrations will need to be carefully tuned. For nonpatterned 
flow cells, the optimal and maximum cluster densities vary widely 
for the different sequencers and the molecule density will need to be 
adjusted accordingly (see Illumina’s ‘Cluster Optimization Overview’). 
Similarly, the use of patterned flow cells will require optimization of 
the molecule density, as only one DNA molecule should be present 
per well. The standard Illumina sequencing process achieves this 
by instantly starting amplification and cluster formation after DNA 
binding, quickly filling the entire well and thereby prohibiting the 
binding of other sequences within the same well. For SPARXS, the 
cluster formation can only be performed after the single-molecule 
experiment. Therefore, the immediate amplification approach cannot 
be used to prevent hybridization of multiple DNA strands per well. 
Instead, a low concentration of DNA should be used. The optimal 
DNA concentrations to be used for SPARXS with patterned flow 

cells may thus be lower than the ones recommended by Illumina, 
which may also result in lower throughput than reported by Illumina. 
Furthermore, the precise concentrations will differ for different 
instruments using patterned flow cells, as the well density was 
shown to vary42. When applying SPARXS on other Illumina sequencer 
models it will thus be essential to determine the appropriate loading 
concentration.

When porting to other Illumina sequencing instruments with 
larger flow cells it will be important to consider the scanning 
time. Scanning time can be reduced by using a larger FOV, which 
can be achieved by using multiple cameras for different emission 
channels and/or cameras with larger sensors. We estimate that 
such improvements could increase the FOV area, and, accordingly, 
decrease the scanning time by at least an order of magnitude 
(for example, switching from two channels on a single 64 μm × 64 μm 
FOV to two cameras with a 128 μm × 128 μm FOV43 would decrease 
scanning time eightfold). Alternatively, scanning time can be reduced 
by reducing the movie length, if this is possible for the specific 
studied system.
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hybridization of a fluorescently labeled DNA probe with a complementary sequence (Fig. 6c 
and see Supplementary Table 3 for how to determine the cluster sequence that is present after 
sequencing) and by imaging the entire surface of the flow cell (Fig. 6d). Then, the locations of 
the high intensity clusters in the fluorescence data are obtained, as well as the locations of the 
clusters with the mapping sequence in the sequencing data (Fig. 6e). These are the coordinate 
sets to be aligned (Fig. 6f). To find the correct transformation for this dataset, an adapted 
geometric hashing algorithm36–38 is used (Fig. 6f).

When the global rotation and scaling parameters are known from the global alignment 
for the specific combination of fluorescence microscope and sequencer, new experiments 
do not require the addition of a mapping sequence anymore. They can be aligned using the 
single-molecule fluorescence data by employing a cross-correlation algorithm to determine the 
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images (top left) and in the sequencing data (bottom). Extracted coordinates 
are shown on the right. The images in a,b,c and e show the red emission channel 
upon red illumination. f, The procedure using geometric hashing to determine 
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specific translation for each sequencing tile (Fig. 7a). Once the translation for each tile is known, 
the translation, rotation and scaling for each single-molecule image are fine tuned (Fig. 7b). 
This is important, as there may be slight variations in the transformation for each specific FOV. 
These deviations can, for example, originate from image aberrations or from inaccuracies in the 
stage position. Fine-tuning is performed separately for each FOV using a kernel correlation (KC) 
algorithm, which works on smaller point sets than cross-correlation but explicitly accounts for 
small variations in translation, rotation and scaling.

After fine-tuning, a histogram can be made with the distances between point pairs of 
different datasets. By fitting the histogram an estimate of the precision and recall can be 
obtained for different distance thresholds. Finally, after choosing a distance threshold and 
imposing that only a single point is present within the threshold, the single molecules are 
coupled to the corresponding sequences (Fig. 7c).

Analysis of the sequence-coupled single-molecule data
After coupling of the single molecules to a sequence, the final step is single-molecule trace 
analysis. Because of the large number of molecules, manual analysis is not an option, and the 
analysis process must be completely automated. The precise method of analysis will depend 
on the studied system and the type of single-molecule experiment. For example, for studying 
stationary FRET values, a time averaged signal can be computed, and the distribution of values can 
be fitted and described with conventional statistical parameters. Obtaining the states and kinetics 
from time traces is more challenging as each individual trace needs to be fitted with a model.

In general, trace analysis will consist of a filtering and a model fitting step. First, the  
low-quality traces are filtered out, for example, based on variation of total intensity, noise level 
and fluorophore bleaching (Fig. 8a). The remaining traces are then used to extract parameters 
describing the states and kinetics. This is commonly done either by trace classification, 
i.e. determining the state at each time point of the trace, and fitting the distribution of dwell 
times, or by directly fitting the traces to a model that reports the desired parameters (Fig. 8b,c).

There is a wide variety of methods and tools available for analyzing time traces of 
fluorescence intensity and FRET17. When choosing a method there are several general points 
of importance. First, as mentioned before, the tool should be completely automated in 
determining and fitting the model. Second, it should be sufficiently fast to process the hundreds 
of thousands of sequence-coupled traces that are produced by SPARXS. Third, trace analysis 
should be sequence agnostic as, for example, fitting a model based on one sequence and 
then applying it to all other sequences may introduce a bias toward the states and rates of the 
initially fit sequence. Similarly, filtering should be done based on general parameters that are 
independent of the sequence, such as total intensity. These general parameters may thus be fit 
to a single model and applied to filter traces for all sequences.

If the model—that is, the number of states and the possible transitions—is unknown, a model 
can be selected from several candidate models using a comparison based on information scarcity 
criteria such as the Bayesian information criterion. The obtained states and kinetics parameters 
(Fig. 8d) can then be used to construct an overarching model for all sequences.

Materials

Reagents
Library preparation

•	 Commercially synthesized oligonucleotides (ELLA biotech) 
▲ CRITICAL  While for conventional single-molecule experiments DNA quantification using 
spectrophotometry, for example, with a NanoDrop, is usually sufficient, for sequencing 
this is not the case. When the concentration is too low or too high the sequencing run 
may fail, for example, because no usable signal is found or the machine cannot find focus. 
More accurate quantification methods, as recommended by Illumina, are qPCR and 
fluorometric methods such as the Qubit assay. However, when the library is fluorescently 
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labeled, the latter method may not be suitable for specific labeling dyes as they can alter 
the fluorescence readout. Alternatively, an exploratory single-molecule experiment can be 
performed to estimate the concentration.

•	 Hybridization buffer (HT1, part of the MiSeq Reagent Kits; Illumina, cat. nos. v2-Nano:  
MS-103-1001 / MS-103-1003; v2-Micro: MS-103-1002; v2 MS-102-2001 / MS-102-2002 /  
MS-102-2003; v3: MS-102-3001 / MS-102-3003)
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Flow cell
•	 MiSeq Reagent Kit (Illumina, cat. nos. v2-Nano: MS-103-1001 / MS-103-1003; v2-Micro:  

MS-103-1002; v2 MS-102-2001 / MS-102-2002 / MS-102-2003; v3: MS-102-3001 /  
MS-102-3003) 
▲ CAUTION  The reagent cartridge contains formamide. Formamide is a reproductive toxin 
and carcinogen. Obtain handling instructions before use. Prevent skin and eye contact by 
wearing appropriate protective clothing. Prevent inhalation by having sufficient ventilation 
and by working in a fume hood. Dispose according to the local guidelines.

•	 Tape (Tesa, cat. no. 4965 Original) 
▲ CRITICAL  The tape should provide an air-tight seal when applied to the flow cell. Test the 
tape on an old flow cell for several days before use. Leakage can be noticed by the formation 
of air bubbles near the inlet and outlet of the flow cell and by the increased bleaching rate of 
the fluorophores during imaging.

•	 PLA filament (REAL, PLA Matte 1.75 mm, 123-3D, cat. no. DFP02254)

Imaging
•	 PCA (Sigma, cat. no. 37580-25G-F)
•	 PCD (OYC Europe, cat. no. 46852004)
•	 Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) (Sigma, cat. no. 238813 – 1G)
•	 Immersion oil (Nikon, Type F2, cat. no. MXA22192)

Manual first strand synthesis
•	 dNTP mix (Promega, cat. no. U1511)
•	 NEBuffer 2, 10× (New England Biolabs, cat. no. B7002S)
•	 Klenow fragment exo– (New England Biolabs, cat. no. M0212S)

Common
•	 Ethanol (VWR, cat. no. 85824.360)
•	 MgCl2, 1 M (Thermo Fisher Scientific, cat. no. AM9530G)
•	 NaCl, 5 M (Thermo Fisher Scientific, cat. no. AM9760G)
•	 Tris-HCl, 1 M, pH 8.0 (Thermo Fisher Scientific, cat. no. AM9856)
•	 NaOH, 10 M (Sigma, cat. no. 72068-100mL)
•	 EDTA, 0.5 M, pH 8.0 (Thermo Fisher Scientific, cat. no. AM9260G) 

▲ CAUTION  NaOH causes severe skin burns and eye damage; Prevent skin and eye contact 
by wearing appropriate protective clothing.

Equipment
•	 MiSeq sequencer (Illumina)
•	 Water purification system (Millipore, Milli-Q Integral 10)
•	 Spectrophotometer (DeNovix, DS-11+)
•	 Heat block (Labnet, D1200 AccuBlock Digital Dry Bath)
•	 Blue LED (Kessil PhotoReaction PR160L-456-EU)

Fig. 7 | Alignment and coupling of the single-molecule and sequencing 
datasets. a, The images used for tile alignment. The synthetic images of the 
stitched single-molecule coordinates (left) and sequencing coordinates 
(middle left). The cross-correlation image, where the detected peak is visible in the 
inset (middle right). The multiple mapped sequencing tiles (orange) to the single-
molecule data (gray) (right). b, The graphs used for fine tuning the alignment 
for each FOV. The histograms of interpoint set pair distances (top) and scatter 
plots of point sets (bottom) for unaligned (left) and aligned (middle) point sets. 
The color scale in the scatter plots indicates the KC score for individual points. 
The total KC score is summed over all points in the FOV. Top right: an overview 
of the total KC scores for all FOVs in one tile. The outlines of a subset of the FOVs 

are shown in the bottom right, where one FOV is shifted with respect to the 
others (indicated with an asterisk) c, Left: obtaining the point set parameters 
by fitting the interpoint set distance histogram. σ indicates the position error 
(s.d.) obtained from the match distance fit, ρ indicates the point density of a 
hypothetical perfect dataset from which the single-molecule and sequencing 
datasets are sampled, and αsm and αseq indicate the fraction of points from the 
perfect dataset that are present in the single-molecule and sequencing datasets, 
respectively. Middle: estimating the precision and recall to find the threshold 
for determining correspondence. Right: scatter plot with corresponding points 
highlighted in blue. The figure was adapted from ref. 36.
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•	 KimWipes (KimTech, cat. no. 06666)
•	 50 ml tubes (Sarstedt, cat. no. 62.547.254)
•	 1.5 ml tubes (Sarstedt, cat. no. 72.706)
•	 3D printer (Anycubic i3 Mega)
•	 Analysis computer (Dell Precision 5820 Tower XCTO with 64 GB RAM, 4 TB SSD and Intel 

Core i9-10900X 3.7 GHz (10 cores), Microsoft Windows 64-bit operating system) 
▲ CRITICAL  The analysis of a SPARXS experiment requires handling of large amounts of 
data. Therefore, a computer with similar or better specifications is recommended.

a    Molecule filtering b    Trace classification

d    Data visualizationc    Kinetics
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Fig. 8 | Single-molecule data analysis. a, Filtering molecules based on an 
upper total intensity threshold (top) and a lower threshold for Cy5 intensity 
upon red excitation (bottom). b, Trace classification using a threshold for 
the total intensity (top) and applying a hidden Markov model (black) on the 
FRET signal (blue) (bottom). In a and b, the green and red sections indicate the 
included and excluded data points, respectively. c, Obtaining the kinetics for 
each sequence, for example by making a histogram of the rates obtained from 
the individual traces (top) or by combining all dwell times from the classified 

traces into a histogram (blue) and fitting these to a single decaying exponential 
(black) (bottom). d, An example of visualizing a complex dataset where varying 
color, location, shape and size can be used to represent multiple dimensions 
and properties of the data. For example, in this case, the color represents the 
transition rate, the location indicates the sequence, the upper and lower triangles 
or semicircles indicate the forward or the reverse transition direction, the 
square or circular shape distinguishes sequences with mostly dynamic or static 
behavior, and the size represents the molecule count per sequence.
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Objective-type TIRF setup
▲ CRITICAL  For imaging FRET, a setup that images the coverslip of the flow cell such as an 
objective-type TIRF should be used. This leads to a lower autofluorescence background in the 
acceptor channel. For imaging fluorophores with direct excitation, prism-type TIRF may be used 
in combination with emission filters that filter out the autofluorescence for lower frequencies 
than the dye emission.

•	 Inverted fluorescence microscope (Nikon, Eclipse Ti2-E with Perfect Focus System and 
motorized stage) 
▲ CRITICAL  A motorized stage and autofocusing capability are essential for high-
throughput experiments as many small FOVs should be scanned over multiple days.

•	 Lasers (GATACA, iLaunch model 18006 with 140 mW 568 nm and 110 mW 642 nm lasers)
•	 Oil-immersion objective (Nikon, CFI Apochromat TIRF 100XC Oil with N.A. 1.49,  

cat. no. MRD01991)
•	 Image splitter (Cairn Research, Optosplit II Bypass P280/213/0BP)
•	 EMCCD camera (Andor, iXon Ultra 897, cat. no. DU-8970-CSO-#BV)
•	 Dichroic mirror (Chroma, model no. ZT647rdc)
•	 Emission filter for Cy3 signal (Semrock, model no. FF01-600/52)
•	 Emission filter for Cy5 signal (Chroma, model no. ET705/72)
•	 Optical air table (TMC, model nos. 784-651-12R and 14-416-34)
•	 Computer for image acquisition (Dell, Precision 5820; recommended computer 

specifications: processor, ≥16 GB RAM, ≥2 TB hard disk) 
▲ CRITICAL  In a SPARXS experiment, a very large number of movies is collected. It is critical that 
the acquisition computer has sufficient memory and space to transfer and store all the data.

Software
•	 MetaMorph—software for image acquisition (v7.10.2.240; https://www.moleculardevices.

com/products/cellular-imaging-systems/high-content-analysis/metamorph-microscopy)
•	 Modular GATACA—software for objective-type TIRF configuration (v2.0, https://www.

gataca-systems.com/products/gataca-products/ilas-3/)
•	 Papylio—Python package for single-molecule fluorescence data analysis (v0.7; documentation: 

https://papylio.readthedocs.io/; source code: https://github.com/Chirlmin-Joo-lab/papylio)
•	 Bowtie2—software for sequence alignment (v2.5.3; https://bowtie-bio.sourceforge.net/

bowtie2/)

Reagent setup
Single-molecule wash buffer
Prepare single-molecule wash buffer, which consists of 10 mM Tris–HCl and 50 mM NaCl 
at pH 8.0. It can be stored at room temperature for 6 months.

TE buffer
Prepare TE buffer, which consists of 10 mM Tris-HCl and 1 mM EDTA at pH 8.0. It can be stored 
at room temperature for 6 months.

Library solution
Prepare the library solution, which consists of a ~25 pM sample in hybridization buffer. It should 
be prepared freshly.
▲ CRITICAL  A double stranded DNA library should be denatured with NaOH, as described by the 
MiSeq System Guide.
▲ CRITICAL  Sample concentration should be determined carefully and might have to be 
adjusted based on the density observed in the single-molecule images or the cluster density 
in the sequencer. We typically have single-molecule densities of 1 × 106 molecules/mm2 
and sequencing densities of at least 500,000 per mm2. If in doubt, start with a low sample 
concentration. For regular sequencing runs Illumina recommends a loading concentration 
of 6–10 pM for v2 reagent kits and 6–20 pM for v3 reagent kits (See Illumina’s ‘MiSeq System 
Denature and Dilute Libraries Guide’).
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10× Tris-buffered Trolox solution
Prepare 10× Tris-buffered Trolox solution, which consists of 25 mg of Trolox in 10 mL of 500 mM 
Tris–HCl at pH 8.0. Incubate under ambient light overnight. Store in aliquots at −20 °C for up to 
6 months.

100× PCA solution
Prepare 100× PCA solution, which consists of 250 mM PCA in 10 mL MilliQ-water, adjusted to 
pH 8.0 with NaOH. It should be divided into aliquots and can be stored at −20 °C for 6 months.

100× PCD solution
Prepare 100× PCD solution, which consists of 10 µM PCD in 10 mM Tris–HCl and 50 mM NaCl 
at pH 8.0. It should be divided into aliquots and can be stored at −20 °C for 6 months.

Imaging buffer
Prepare imaging buffer, which consists of a buffer and triplet state quencher (1× Tris-buffered 
Trolox solution), an oxygen scavenging system (1× PCA solution and 1× PCD solution) and 
additional components depending on the system under study. For Holliday junction experiments, 
the imaging buffer contains 50 mM NaCl and 50 mM MgCl2 in addition to the triplet state quencher 
and the oxygen scavenging system. The imaging buffer should always be prepared fresh, and PCD 
should be added only shortly before imaging.
▲ CRITICAL  The choice of oxygen scavenger system is important for the stability of the conditions 
during the experiment. The glucose oxidase/catalase system, a commonly used oxygen scavenger 
system for classical single-molecule measurements, is not recommended as it reduces the pH over 
time31,32. The PCA/PCD system only provides a stable pH when starting with pH 8.0 (refs. 31,32). 
The pyranose oxidase/catalase system keeps the pH stable independent of the starting pH32.
▲ CRITICAL  Make sure the imaging buffer is free of nucleases. The purified proteins in oxygen 
scavenger systems may be a source of nucleases39. Nuclease activity is problematic especially 
in long experiments as removal of the adapter region will prevent the molecule from being 
sequenced.

Klenow enzyme mix
Prepare Klenow enzyme mix, which consists of 250 units/mL Klenow Fragment exo- in  
1× NEBuffer 2 with 0.25 mM of each dNTP. Prepare fresh and keep on ice until use.

Equipment setup
Flow cell holder for microscopy
Fabricate the flow cell holder by 3D-printing, for example using an Anycubic i3 Mega with 
PLA as filament. The design file is available in Supplementary Data 1.

Analysis software
Install Papylio and Bowtie2 software, as described in the online manuals (https://papylio.
readthedocs.io/ and https://bowtie-bio.sourceforge.net/bowtie2/manual.shtml).

Procedure

Choice and preparation of the sequencing flow cell
● TIMING  ~6 h
1.	 Using the table in Fig. 3a, select the appropriate flow cell for the experiment.
2.	 Take the flow cell, included in the MiSeq Reagent Kit, from its storage container and dry with 

a KimWipe.
3.	 Insert 200 µL of single-molecule wash buffer into the flow cell. Solutions can be inserted 

by directly pipetting into the rubber gasket of the flow cell using a 200 µL pipette tip 
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(Supplementary Fig. 2). Insertion of bubbles in the imaging area—the wide channel—can be 
prevented by first pipetting a small amount of fluid in the outlet (connected to the narrow 
channel) and then pipetting into the inlet. This will usually create a small bubble near the 
outlet, which moves out again when pipetting in the inlet, confirming the flow through 
the flow cell. Alternatively, a custom device may be constructed to connect the flow cell 
to tubing19, allowing manual insertion of solutions using a syringe or automated insertion 
using a pump.

4.	 Take the glass flow cell out of the plastic enclosure.
5.	 Cover the inlet and outlet with tape to prevent evaporation of fluid from the flow cell.
6.	 Place the flow cell ~6.5 cm from the blue LED at full power for 5 h, which gives a power 

density of 120 mW/cm2.
7.	 Remove the tape, replace the flow cell in its plastic holder and wash by inserting 200 µL 

single-molecule wash buffer into the flow cell.
8.	 Image the flow cell as described in Steps 18–19 to confirm that the donor emission 

channel is (nearly) free of native single-molecule-like fluorescence, for example, below 
1 × 104 molecules/mm2. If not, repeat Steps 3–8 with shorter time duration, depending 
on the amount of fluorescence still visible.

	 ■ PAUSE POINT  The flow cell can be stored at 4 °C for at least a week. Make sure to 
replace the original contents of the storage container with single-molecule wash buffer, 
as original contents may be the cause of the native single-molecule-like fluorescence on 
the flow cell.

	 ◆ TROUBLESHOOTING

Library immobilization
● TIMING  ~1 h
9.	 To hybridize the library on the flow cell, insert 200 µL library solution into the flow cell 

and incubate for 30 min at room temperature (18–22 °C). Afterwards, flush with 125 µL 
hybridization buffer.

	 ▲ CRITICAL STEP  When unsure about the precise concentration of the sample, start with a 
low concentration, as in our experience it is difficult to remove the sample from the flow cell 
once it is annealed. Higher concentrations can be added if the concentration turns out to 
be too low. The precise amount of sample required for a single-molecule density can also be 
determined by testing the sample in a conventional single-molecule experiment.

10.	 Slowly insert 125 µL imaging buffer into the flow cell.
11.	 Clean the flow cell with an ethanol wipe, while avoiding the inlet and outlet.
12.	 Seal the flow cell by covering the inlet and outlet with air-tight tape and place the flow cell 

into the 3D printed flow cell holder. Make sure the tape does not touch the rims of the flow 
cell holder as it may tilt the flow cell during imaging.

13.	 Apply a drop of immersion oil on the microscope objective and place the flow cell holder 
with the flow cell onto the microscope stage. Position the objective in the center of the wider 
channel, preferably at a location that is not imaged by the sequencer, that is, near the bend 
or near the inlet of the channel, to avoid any interference with sequencing.

14.	 Find the focus and determine whether the molecule density is correct. In case the density is 
too low (for example, below 1 × 106 molecules/mm2), repeat Steps 9–14.

Stage calibration
● TIMING  ~15 min
15.	 For both edges: move the stage to the edge of the channel, which is the point where the FOV 

cannot be captured in a single focus plane anymore, and read out the stage coordinates 
(Fig. 3f, positions P2 and P3).

16.	 Move the stage to the edge of the glass near the bend of the channel, until the side of the 
image reaches the edge and read out the stage coordinates (Fig. 3f, position P1).

17.	 Set the stage origin to (xP1, (yP2+yP3)/2), where x and y indicate the x or y coordinates at the 
specific positions (Fig. 3f).
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Single-molecule data acquisition
● TIMING  ~1–7 d
18.	 Configure the TIRF microscope for single-molecule imaging, for example, use the 

appropriate laser lines and set the appropriate laser power, TIRF depth, emission filters 
and exposure time.

•	 For the Holliday junction study, we excited the Cy3 and Cy5 dyes using 561 nm and 
642 nm lasers with laser powers of 50 mW and 25 mW, respectively. Furthermore, 
we used a TIRF depth of 600 nm and an exposure time of 100 ms

	 ▲ CRITICAL STEP  These settings will have to be adapted for different samples and 
microscopy setups, for example, when having different fluorophores and time scales 
on which the kinetics take place.

19.	 Make several test images in an area that is not imaged by the sequencer, analyze the data and 
determine whether the data produced is of sufficient quality in terms of bleaching rate and 
signal-to-noise ratio.

	 ◆ TROUBLESHOOTING
20.	 Check whether there is enough disk space available. An estimate of the required disk space 

can be obtained by acquiring a single movie with the settings that will be used for the 
SPARXS experiment and multiplying the size of this image by the total number of movies 
that will be acquired.

21.	 Focus the image and activate the autofocusing system.
22.	 Scan the to-be-sequenced area with the following scanning parameters:

•	 As starting point use the coordinates (3,846 µm, −479 µm) for a v2 chip and use the 
coordinates (2,788 µm, −479 µm) for a v3 chip

•	 Determine the number of steps in the x and y direction. The height (y direction) of a 
MiSeq tile is 958 μm for both v2 and v3 chips. The width (x direction) of a MiSeq tile is 
958 μm for v2 chips and 830 µm for v3 chips. The tiles are stacked along the channel in 
the x direction, starting with tile 1101 at the bend. For the v2 chip the distance between 
the tiles is 100 µm, while the tiles for the v3 chips are directly adjacent to each other 
without a gap. The number of tiles is 2 for the v2-nano, 4 for the v2-micro, 14 for the 
regular v2 chip and 19 for the v3 chip. Divide the tile width and total scan height by 
the microscope FOV size in the x and y direction, respectively, to get the number of 
steps. For the FOV size a margin of, for example, 1 µm from the edges can be taken 
into account

•	 Use a zigzag scanning motion to prevent large jumps in focus (Figs. 3 and 4b)
•	 If necessary, scanning can be performed in multiple parts, for example in case 

the measurement is interrupted for refreshing the imaging buffer or because of 
an error

	 ◆ TROUBLESHOOTING
23.	 After imaging, remove the imaging buffer from the flow cell by flushing with 100 µL 

hybridization buffer.

Manual first strand synthesis
● TIMING  ~1 h
▲ CRITICAL  Before this step, the DNA library is not covalently attached to the sequencing 
flow cell. It is critical to not heat the flow cell above or close to the melting temperature of the 
p5 and p7 sequences and to not introduce any denaturing reagents.
24.	 Prepare Klenow enzyme mix and insert 100 µL into the flow cell.

•	 Other polymerases could be used instead of Klenow Fragment; however, the 
polymerase should have strand displacement activity to process any secondary 
structures and have no exonuclease activity. In addition, room-temperature activity 
will increase the ease of use

25.	 Seal the flow cell by covering the inlet and outlet of the glass part with air-tight tape.
26.	 Incubate for 1 h at 37 °C, for example, by placing the glass part of the flow cell, wrapped in 

aluminium foil, on a heated plate.
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27.	 Flush with 100 µL hybridization buffer.
	 ■ PAUSE POINT  Although we strongly recommend directly continuing with the next steps, 

it is possible to store the flow cell at 4 °C in TE buffer or MilliQ water in the original container 
up to one week.

Sequencing preparation
● TIMING  ~2 h
28.	 Thaw the reagent cartridge according to the MiSeq System Guide.
29.	 (Optional) Additional DNA can be added to increase the cluster density and/or to increase 

the sequence diversity. Insert 600 µL of this additional DNA in hybridization buffer into the 
sample reservoir of the reagent cartridge.

30.	 Perform the MiSeq maintenance wash (if necessary) according to the MiSeq System Guide.
31.	 Reboot the MiSeq.
32.	 (Optional) Configure the MiSeq to make separate FASTQ files from index reads. This is 

not necessary if the library does not feature any index or if all indices within the library are 
identical. In this case, all reads are stored in the ‘undetermined’ FASTQ file.

Sequencing
● TIMING  ~4 h to 3 d
33.	 Set up a sequencing run according to the MiSeq System Guide.
34.	 Prepare the sample sheet with the desired sequencing settings according to Illumina’s 

‘MiSeq Sample Sheet Quick Reference Guide’. An example of the Sample Sheet can be found 
in Supplementary Data 2.

35.	 In the sample slot (reservoir 17) of the reagent cartridge insert 600 µL of hybridization 
buffer (HT1) instead of DNA sample.

36.	 Clean the flow cell with ethanol and/or water.
37.	 Load the flow cell, reagent cartridge, PR2 bottle and waste bottle into the MiSeq.
38.	 Select the sample sheet.
39.	 Review and start the flow cell check.
40.	 Start the sequencing run.
	 ◆ TROUBLESHOOTING
41.	 After the run is complete, remove the flow cell from the MiSeq and replace it with an old flow 

cell. Dispose of the reagent cartridge, the waste and the PR2 bottle according to the local 
regulations and guidelines.

42.	 Perform a post-run wash.
43.	 Perform a standby wash.
	 ■ PAUSE POINT  After cleaning the MiSeq and transferring the data to a safe place, 

subsequent data analysis can be performed at any time.

Sequence data analysis
● TIMING  ~15 min
44.	 Obtain the sequencing data from the sequencer. On the MiSeq computer the data should 

be located in ‘D:\Illumina\MiSeqOutput\<Run folder name>\’ where <Run folder name> 
contains the date, instrument number, run number and flow cell barcode (see the MiSeq 
System Guide). For downstream analysis, only the .fastq.gz files are required. However, 
copying the entire ‘MiSeqOutput’ folder will allow reviewing run statistics and thumbnail 
images using the Illumina Sequencing Analysis Viewer software.

45.	 Construct a reference .fasta text file containing one entry per sample in the library, 
where each entry is given as one line with the sequence name and another line with the 
characteristic sequence.

46.	 Combine the compressed .fastq.gz files for read 1 into a single .fastq file named ‘Read1.fastq’. 
If there is only a single .fastq.gz file this will make a new decompressed .fastq file with the 
name ‘Read1.fastq’.

•	 (Optional) Also combine the files for the Index1, Index2 and Read2
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47.	 Align the sequencing data to the reference library using Bowtie 2. First run bowtie2-build 
to index the reference sequences and then run bowtie2 to perform the alignment. This will 
create a .sam file containing the aligned sequences. The precise settings will need to be 
tweaked for specific reference sequences. An overview of all options can be found in the 
Bowtie 2 manual (https://bowtie-bio.sourceforge.net/bowtie2/manual.shtml).

	 ◆ TROUBLESHOOTING

(Optional) Global alignment of fluorescence microscope and sequencer 
(only required once)
● TIMING  ~4 h
▲ CRITICAL  Required only when the scaling and rotation parameters between sequencer 
and single-molecule images are unknown. Alternatively, when a MiSeq is used, one could try 
to estimate the parameters using the parameters of another MiSeq machine.
48.	 For determining the transformation parameters of the fluorescence microscope and 

the sequencer, perform a SPARXS experiment or a regular sequencing run where the 
sample contains a small fraction (~1,000 per mm2) of a unique sequence, the mapping 
sequence. Using a chip with a small scanning area such as the MiSeq Nano will simplify 
the alignment.

49.	 Remove remaining fluorescent DNA by inserting 500 µL of freshly made 0.1 M NaOH 
over a time period of 5 min and subsequently 500 µL of TE buffer over a time period 
of 5 min (ref. 40).

50.	 Insert 200 µL of 100 nM fluorescently labeled probe DNA that is complementary to the 
mapping sequence cluster DNA after sequencing.

	 ▲ CRITICAL STEP  Whether the forward or reverse strand is present depends on whether 
the sample DNA contains the p5′ with p7 or the p5 with p7′ and additionally depends on 
whether single-end or paired-end sequencing is performed (see Supplementary Table 3 
for an overview).

	 ▲ CRITICAL STEP  Make sure that the fluorescent probe oligo only binds to the intended 
sequence for mapping and not to the remaining sequences in the library.

51.	 Perform flow cell preparation as described in Steps 9–13.
52.	 Perform stage calibration as described in Steps 15–17.
53.	 Perform cluster data acquisition similar to single-molecule data acquisition described in 

Steps 18–22. However, since the tile location is not known scan the entire flow cell area. 
Short snapshots of single or several frames are sufficient because the images are only used 
for cluster localization.

54.	 Using the Papylio Python package for this and the following three steps, import the 
experiment data and find the coordinates of the high intensity spots as described in the 
software documentation (https://papylio.readthedocs.io/).

55.	 Import the sequencing data and convert to an .nc file.
56.	 Generate tile alignment files from the sequencing coordinates and the fluorescent cluster 

coordinates, stitched together based on stage positions.
57.	 Perform point set alignment by geometric hashing on the tile mapping to find the overall 

rotation and scaling parameters.
	 ◆ TROUBLESHOOTING

(Optional) Alternative global alignment by estimating scaling parameters 
(only required once)
● TIMING  ~4 h
58.	 Perform Steps 48–56.
59.	 Determine the image pixel size.
60.	 For the MiSeq, 1 µm corresponds to 29.51 MiSeq units. Using this relation, estimate the 

scaling parameters.
61.	 Use Papylio to perform alignment using cross-correlation for all four 90° rotations with or 

without applying a reflection.
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Single-molecule data analysis
● TIMING  ~1 h
▲ CRITICAL  Use the Papylio Python package for all subsequent analysis steps.
62.	 Import the single-molecule fluorescence images with Papylio.
63.	 Perform emission channel alignment using an image of beads that are fluorescent in all 

channels.
64.	 Estimate and apply darkfield, flatfield and background corrections.
65.	 Find single-molecule coordinates.
66.	 Determine trace corrections, for example, for leakage and detection efficiency.
67.	 Extract the intensity and FRET traces.

Alignment of sequencing and single-molecule data
● TIMING  ~2 h
68.	 Import the sequencing data and convert to an .nc file.
69.	 Generate tile alignment files from the sequencing coordinates and the single-molecule 

coordinates, stitched together based on stage positions. For alignment, only use the 
sequences that are fluorescently labeled.

70.	 Perform point set alignment by cross-correlation on each tile alignment file to find the 
overall translation parameters.

	 ◆ TROUBLESHOOTING
71.	 With the tile alignments, extract the sequencing data that are located within a margin 

around each FOV.
72.	 To fine-tune the translation for each FOV, perform cross-correlation on single-molecule 

and sequencing data cropped to the smallest overlapping area.
73.	 To fine-tune the rotation and scaling for each FOV, perform kernel correlation on  

single-molecule and sequencing data cropped to the smallest overlapping area.

Coupling sequencing and single-molecule data
● TIMING  ~4 h
74.	 After completing the coordinate alignment, fit the interpoint set distance histogram 

(containing all combinations of distances between the points from the two datasets) 
(Fig. 7c, left) to obtain the localization inaccuracy and to estimate the point densities.

75.	 Using these parameters, estimate the precision and recall for varying distance thresholds, 
and choose the optimal threshold for the experiment, for example, the one with the highest 
recall (Fig. 7c, center).

76.	 Set the distance threshold for the mappings for each FOV and determine single-molecule 
and sequence correspondence (Fig. 7c, right).

77.	 For corresponding sequence and single-molecule coordinates, add the sequence data to 
the single-molecule dataset.

78.	 To combine all data for each sequence, either combine the .nc datafiles of all FOVs into a 
single .nc file, or alternatively split and reorder the data into .nc files for each sequence. 
Here the single molecules that are not coupled to a sequence can be omitted to reduce the 
amount of downstream analysis.

Trace analysis per sequence
● TIMING  ~1 h
79.	 Filter the traces based on the desired criteria. Examples are setting a maximum intensity 

threshold and filtering out traces with acceptor bleaching.
80.	 Classify the traces over time. Examples are detecting time points showing donor 

bleaching by setting a threshold or by classifying two molecular states using a hidden 
Markov model.

81.	 Either obtain the kinetics, that is, reaction rates, directly from the hidden Markov model fits 
or determine the dwell times for each state in the trace classification and fit the dwell time 
histogram with an exponential function to obtain the reaction rates.
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Troubleshooting

Troubleshooting advice can be found in Table 1.

Timing

Steps 1–8, choice and preparation of the sequencing flow cell: ~6 h
Steps 9–14, library immobilization: ~1 h
Steps 15–17, stage calibration: ~15 min
Steps 18–23, single-molecule data acquisition: ~1–7 d

Table 1 | Troubleshooting

Step Problem Possible reason Solution

8 There is still native single-molecule-
like fluorescence to a degree that 
would interfere with the experiment

There is batch-to-batch variability 
between the flow cells

Repeat Steps 3–8 and start with an additional 2 h of bleaching. Increase the 
bleaching time if needed, try to keep it to a minimum as prolonged bleaching 
might damage the flow cell and affect the success and quality of the sequencing

19 The traces extracted from the test 
movie do not have high signal-to-
noise ratio

Microscope settings are not 
optimized for the sequencing 
flow cell

The thickness and material of the sequencing flow cells differ from standard 
slides and coverslips, make sure to adjust the settings, such as the coverslip 
correction and TIRF angle, accordingly

22 During scanning the bleaching 
rate increases or the FOV is already 
bleached at the start of the movie

The flow cell is not properly 
sealed and/or the imaging  
buffer is wearing out

Stop scanning, note the final position, replace the imaging buffer, reseal the flow 
cell, recalibrate the stage and restart scanning from the previous position

During scanning, the focus is lost Too little immersion oil has been 
applied

Stop scanning, note the final position, clean the objective and flow cell, 
add fresh immersion oil, recalibrate the stage and start scanning from the 
previous position

40 Failed or poor quality sequencing, 
with either: sequencing fails with 
an error such as: ‘No usable signal 
found, it is possible clustering has 
failed’ or ‘Best focus not found’ 
after the first cycle; low number 
of clusters passing filter; low 
percentage of reads with Q ≥ 30

Too little or too much 
sample was used, leading 
to underclustering or 
overclustering

Compare the focus images with the images from a successful run to determine 
whether the cluster density is too low or high. Next time, adjust the amount of 
sample DNA accordingly

The sequencing flow cell was 
damaged

Check whether the focus images show very few and/or very dim clusters. If 
this is the case, the sequencing adapters or the surface of the flow cell could 
be damaged, which would be detrimental for proper cluster formation. Next 
time, try to reduce the bleaching time, limit exposure to high laser power, and 
ensure that the single-molecule assay does not damage or block the sequencing 
adapters on the surface

The nucleotide diversity was 
too low

Check the relative proportions of nucleotides in each cycle, especially in the 
first 25 cycles. They should be roughly equal. If not, spike in (more) randomized 
sample or increase the nucleotide diversity within the library

Unknown For a portion of the sequencing runs, the reason for failing remains unclear. 
A possible reason could be batch to batch variability in the Illumina flow cells. 
If none of the other reasons is applicable, retry the experiment

47 Low percentage of aligned reads Settings were not optimal for  
the used library

Check the Bowtie2 manual for explanations of all settings. For less strict 
alignment, lower the minimum score threshold using the ‘score-min’ setting. For 
short continuous sequences (not interrupted by Ns), it might help to decrease the 
length of the seed substrings using the ‘L’ option. If the reference has ambiguous 
characters, set the penalty (np) to 0

57, 70 Tile alignment not found Wrong surface selected Check which surface was imaged, this is the top surface for objective-type 
TIRF and the bottom surface for prism-type TIRF. Set the ‘surface’ setting in the 
‘generate_tile_mappings’ function accordingly: 0 for top and 1 for bottom

Wrong sequences selected For this step, it is crucial to have as much overlap as possible between the 
datasets. Therefore, in the ‘generate_tile_mappings’ function, set the ‘mapping_
sequence_name’ to the sequence(s) of the molecules visible in the single-
molecule fluorescence experiment

Wrong estimate of scale and 
rotation (only for Step 70)

If the scale and rotation are too far off, tile mappings might not be found. Make 
sure to use the estimate for the specific combination of fluorescence set-up and 
sequencer that was used. If any changes were made to the fluorescence set-up, 
repeat Steps 48–57 or 58–61
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Steps 24–27, manual first strand synthesis: ~1 h
Steps 28–32, sequencing preparation: ~2 h
Steps 33–43, sequencing: ~4 h to 3 d
Steps 44–47, sequence data analysis: ~15 min
Steps 48–57, (optional) global alignment of fluorescence microscope and sequencer: ~4 h
Steps 58–61, (optional) alternative global alignment by estimating scaling parameters: ~4 h
Steps 62–67, single-molecule data analysis: ~ 1 h
Steps 68–73, alignment of sequencing and single-molecule data: ~2 h
Steps 74–78, coupling sequencing and single-molecule data: ~4 h
Steps 79–81, trace analysis per sequence: ~1 h

Anticipated results

Single-molecule experiment
Before library immobilization, the flow cell should contain minimal fluorescent signal in the 
emission channels used for imaging. A single-molecule-like background signal is typically 
observed in the green (Cy3) emission channel (Fig. 3b), and bleaching of the flow cell for 5 h is 
often enough to remove the majority of this signal (Fig. 3c). However, the required duration 
may vary and could sometimes take several hours longer. As in any single-molecule experiment, 
after library immobilization, the images should be filled with individual single-molecule spots. 
The density will depend on the properties such as magnification and numeric aperture of 
the microscope but should typically be optimized to obtain the largest number of individual 
molecules. The expected fluorescence signal in the single-molecule images depends on the 
sample but should generally be clearly distinguishable from the background in at least one 
of the emission channels (Figs. 3d and 4a). Upon illumination with a green laser there is a high 
background signal in the red emission channel (Fig. 3b,c). When using objective-type TIRF, 
the FRET signal should still be discernable from the background; however, for prism-type 
TIRF, the background is too high (Fig. 4a). Direct excitation of the red dyes should not produce 
the high background (Fig. 3b,c). For stage calibration, the edges of the flow cell channel can 
be recognized by a gradient in focus across a single FOV, while the edge of the glass shows a 
clear line across the FOV in both the fluorescence and the widefield images (Fig. 3f). Scanning 
duration depends on the length of the movies and the size of the FOV. Our setup has a FOV-size 
of 64 × 32 µm2 (one channel) and when taking movies with 400 frames and 100 ms exposure 
time, scanning a v3 chip takes ~5 d of continuous imaging. After molecule localization from 
the images, a density of ~1 × 106 molecules/mm2 was obtained (Fig. 4c). For each molecule the 
intensity and FRET time traces were extracted (Fig. 4d). For our Holliday junction experiment we 
obtained 9.6 million molecules on a v3 chip.

Sequencing
A successful sequencing run has a high percentage of clusters passing filter and a high 
percentage of reads with a quality above Q30, both preferably higher than 80%. Moreover, 
the cluster density should be within, or close to, the recommended range (for the MiSeq 
at least ~500,000 per mm2). Overclustering often results in a low-quality sequencing run. 
Underclustering, on the other hand, does not negatively affect the quality of the sequencing 
run; however, it is still recommended to avoid underclustering as it means that the throughput 
is lower than possible. When performing SPARXS we see that a portion of the sequencing runs 
fails. Often, we have not been able to find the precise cause. However, the focus images (Fig. 5d), 
produced by the sequencer even for failed runs, may provide some indications, for example, 
in the form of low cluster density and/or low cluster signal. Aligning the obtained sequences 
to all possible references should classify the majority of reads (Fig. 5e). However, the fractions 
of reads per sample will generally differ between the mixed input library and the sequencing 
output, for example, due to pipetting errors and sequencing bias (Fig. 5e). For our Holliday 
junction experiment on a MiSeq v3 chip, we obtained a cluster density of 849,000 per mm2 
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and a cluster passing filter percentage of 80%, resulting in 9.4 million sequence reads, of which 
2.8 million were identified as Holliday junction. Expected numbers of reads passing filter for the 
various MiSeq flow cells are provided in Fig. 3a.

Alignment and coupling
The global alignment for the fluorescence microscope and sequencer requires a low density 
of clusters used for mapping of ~1,000 per mm2 (Fig. 6f). For the MiSeq, we found that 1 µm 
corresponds to 29.51 MiSeq units, as reported in the FASTQ file. This value can be used as a 
starting point to do the global alignment for other microscopes with MiSeq sequencers.

For the tile alignment of single-molecule data using cross correlation, the correlation 
image should show a clear peak over the background (Fig. 7a). If the peak is not clearly 
discernable, then it is almost definitely not the correct alignment. Furthermore, having 
multiple tiles aligned adjacent to one another is an additional indication that the alignments 
are correct (Fig. 7a).

Fine tuning the alignment per FOV should show a clear increase in the KC score with 
respect to a random alignment (Fig. 7b). For a single FOV the correct alignments also show a 
peak for short distances in the interpoint set distance histogram (Fig. 7b). Plotting point sets 
of multiple FOVs should localize them in rows and columns. FOVs that are shifted with respect 
to others are probably misaligned (Fig. 7b). Also, FOVs with low KC scores with respect to other 
FOVs may be misaligned (Fig. 7b), although FOVs at the edge of the tile with partial overlap 
may also produce low KC scores. Note that, in general, it is very difficult to determine the 
correctness of the alignment just by visual inspection of the overlapping points, this should 
thus be avoided.

When fitting the joint distance histogram, we found a localization inaccuracy of 0.1 µm 
(standard deviation) and we typically see that 10–20% of the single molecules can be matched to 
the sequencing data and that 50–60% of the sequences can be matched to the single-molecule 
data (Fig. 7c). The estimated precision shows a curve that monotonously decreases with 
distance, while the recall shows a clear peak (Fig. 7c). For the Holliday junction, using a distance 
threshold of 0.22 µm, we could align 18% of the single molecules and 54% of the sequence reads, 
giving a total of 1.5 million sequence-coupled molecules.

Data analysis
A single SPARXS experiment on the largest MiSeq flow cell yields ~0.5 million sequence-coupled 
molecules after filtering. The number of molecules required per sequence depends on the data 
quality and the desired accuracy. In case of the Holliday junction study, 0.5 million sequence-
coupled molecules were sufficient to cover 4,096 sequences. With a median of 77 molecules per 
sequence and a minimum of 20 molecules to discern different kinetic behaviors, there is room 
for an increase in throughput to at least 15,000 sequences for this particular sample in case 
of a homogeneous library. The maximum throughput varies per sample as it, among others, 
depends on the library homogeneity, the labeling efficiency, the sequencing efficiency and the 
quality of the traces. When these conditions would be ideal, the throughput can be increased 
to a maximum of ~100,000 sequences.

Data availability
An example dataset for SPARXS, including Python analysis scripts in Jupyter notebooks, 
is available via Zenodo at https://doi.org/10.5281/zenodo.13841177 (ref. 41).

Code availability
The Papylio Python package is available on PyPi and conda-forge. The documentation, including 
installation instructions, is available online (https://papylio.readthedocs.io/). The source code 
is available via GitHub under the GPL-v3 license at https://github.com/Chirlmin-Joo-lab/papylio.
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