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MOLECULAR BIOLOGY

Massively parallel analysis of single-molecule
dynamics on next-generation sequencing chips

J. Aguirre Rivera'f, G. Mao't, A. Sabantsev't, M. Panfilov't, Q. Hou', M. Lindell?, C. Chanez®,

F. Ritort*®, M. Jinek®, S. DeindI**

Single-molecule techniques are ideally poised to characterize complex dynamics but are typically
limited to investigating a small number of different samples. However, a large sequence or chemical
space often needs to be explored to derive a comprehensive understanding of complex biological
processes. Here we describe multiplexed single-molecule characterization at the library scale (MUSCLE),
a method that combines single-molecule fluorescence microscopy with next-generation sequencing to
enable highly multiplexed observations of complex dynamics. We comprehensively profiled the sequence
dependence of DNA hairpin properties and Cas9-induced target DNA unwinding-rewinding dynamics.
The ability to explore a large sequence space for Cas9 allowed us to identify a number of target
sequences with unexpected behaviors. We envision that MUSCLE will enable the mechanistic exploration

of many fundamental biological processes.

undamental biological processes involve

macromolecules that often exhibit com-

plex dynamics that are intimately tied to

function. Single-molecule techniques are

ideally poised to characterize such com-
plex dynamic processes because they avoid
ensemble averaging that can obscure Kinetic
intermediate states and alternative Kinetic
pathways (1-18).

However, existing single-molecule approaches
are typically limited to the study of a small
number of different samples. At the same time, a
large sequence or chemical space often must be
explored to derive a comprehensive understand-
ing of complex biological processes. Emerging
ensemble methods for multiplexed in vitro
investigations have profoundly influenced
mechanistic biology (19-36). Most of these
approaches use DNA sequencing to differen-
tiate between library members. The DNA se-
quence can then be used as a direct readout
or report on RNA or protein sequence by means
of the central dogma or DNA barcoding. DNA
barcoding, more generally speaking, extends
these approaches to any type of chemical di-
versity (22, 24). Despite their great utility, all
of these approaches have limited capacity to
resolve complex dynamics owing to ensemble
averaging. On the single-molecule side, data
acquisition was recently reported on mixtures
of two (37) or nine (38) different DNA se-
quences identified using fluorophore-labeled
detection oligonucleotides. Moreover, a combi-
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nation of single-molecule fluorescence imaging
and in situ single-molecule DNA sequencing
was used as an “end-point” measurement to
detect various histone modifications and ge-
nomic positions for individual nucleosomes
(39, 40). Importantly, this technically complex
approach did not inform on single-molecule
dynamics, and commercial solutions for such
in situ single-molecule sequencing are not yet
readily available. To our knowledge, multiplex
measurements where real-time dynamic tra-
jectories can be recorded at the single-molecule
level and matched to a large sequence space
have never been reported.

Results

To comprehensively profile complex single-
molecule dynamics at the library scale, we
integrated high-throughput single-molecule
fluorescence resonance energy transfer (smFRET)
microscopy (41-44) with Illumina next-generation
sequencing (NGS) (45, 46) (Fig. 1). To im-
mobilize a library of FRET constructs on the
surface of an Illumina MiSeq flow cell (Fig. 1A),
we used a 5’ single-stranded DNA overhang
and a ligation adapter complementary to the
P5 oligonucleotides on the flow cell (Fig. 1B
and figs. S1A and S2D). A P7 sequence on the
other end enabled bridge amplification upon
ligation to a surface P5 oligonucleotide. An
Illumina “Read 1” sequence before the var-
iable part of the constructs provided a starting
point for the sequencing reaction. To mount the
Tlumina flow cell onto our motorized objective-
based total internal reflection fluorescence
(TIRF) microscope, we custom-designed and 3D
printed an adapter (Fig. 1C). Using the adapter,
we collected smFRET data from a grid of fields
of view (FOVs) that together cover the avail-
able area of the flow cell. A Peltier element
mounted on top of the flow cell allowed us to
control the temperature. Next, we subjected
the flow cell to the standard Illumina sequenc-
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ized to the immediate vicinity (~1 um) of-...2
template, and individual molecules observed
during smFRET imaging could therefore be
matched with the corresponding sequenced
clusters according to their positions on the
flow cell surface (fig. S3). The final output of
our multiplexed single-molecule characteri-
zation at the library scale (MUSCLE) work-
flow consists of smFRET time trajectories
with handles that identify the underlying DNA
sequences.

MUSCLE reveals sequence-dependent
DNA hairpin properties

To demonstrate the capabilities of MUSCLE, we
used it to study DNA hairpins—single-stranded
DNA structures formed by two complementary
regions separated by a noncomplementary loop.
DNA hairpins have been implicated in many
biological processes, including replication, tran-
scription, and recombination (47, 48), and are
also of central importance to biotechnology
(49-54). Hairpins serve as prime model sys-
tems to study nucleic acid hybridization, one
of the most fundamental processes that con-
trol the flow of genetic information in the cell
(55, 56). Hairpins typically show two-state
folding kinetics, which has been visualized
for a small number of sequences by smFRET
(67-67).

To comprehensively profile the sequence
dependence of DNA hairpin properties, our
FRET constructs featured Cy3 donor and Cy5
acceptor fluorophores separated by a DNA
hairpin with an 18-nucleotide (nt) polyA loop
and a 6 to 8-base pair (bp) stem across a 256-
member library (Fig. 1D). We note that the
placement and type of fluorophores can affect
DNA hairpin properties (65, 68). In our design,
the 5’ and 3’ terminal fluorophores were sep-
arated from the hairpin stem by three unpaired
nucleotides on each side and were located far
from the variable region. The fluorophores
were therefore unlikely to exert substantial
effects on stem hybridization. However, even
if such an effect were present, it would be ex-
tremely unlikely to be sequence specific and
would therefore not affect relative compar-
isons between different library members. With
this labeling scheme, the closed and open
conformations of the hairpin resulted in high
(~0.8) and low (~0.2) FRET efficiencies, re-
spectively (fig. S4). Time trajectories from
individual DNA hairpins displayed sponta-
neous transitions between the two FRET states,
with the time spent in the closed state increas-
ing with stem length (fig. S4). We collected
MUSCLE datasets at 10° 15% and 20°C (Figs.
1E and 2, A to D, and figs. S1 and S5).

The equilibrium constants and Gibbs free
energies for hairpin formation provided a com-
prehensive overview of hairpin stability as a
function of sequence and temperature (Fig. 2,
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Fig. 1. General outline of the MUSCLE approach. (A) Schematic of the
experimental procedure using a DNA hairpin construct as an example. (B) General
schematic of a MUSCLE library. (C) Schematic for smFRET imaging on a temperature-
controlled lllumina MiSeq flow cell using a custom-designed microscopy adapter.

B and C). At all temperatures, the stability of
the hairpin was higher along the diagonal of
the heatmap, corresponding to Watson-Crick
base pairing between the variable nucleotides.
With increasing temperatures, the FRET time
traces were overall more dynamic with a more
populated low-FRET state. Moreover, hairpin
stability decreased with increasing tempera-
tures throughout the measured sequence space.
As expected, the number of complementary base
pairs in the stem was the main contributor to
the sequence-dependent stability of the hair-
pin, with a single match in position 7 favored
over one in position 8 when preceded by a
mismatch in position 7 (Fig. 2D). The Gibbs
free energies obtained from our MUSCLE data
displayed an overall good correlation (0.64)
with the stabilities as predicted by the nearest-
neighbor model mFold (Fig. 2E) (69, 70). We
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note that to optimally observe differences in
stability between library members at moder-
ate temperatures, we carried out our MUSCLE
experiments at pH 9, which mFold cannot ac-
count for. The nearest-neighbor model appeared
to substantially underestimate the stability
of hairpins that can form noncanonical base
pairs (most notably G-T) and/or contain single-
nucleotide mismatches (Fig. 2E, red dots).

Cas9-induced target DNA
unwinding-rewinding dynamics are sensitive
to PAM-distal complementarity

To further demonstrate the general utility of
our method, we used MUSCLE to probe Cas9-
induced target DNA unwinding-rewinding dy-
namics. Cas9, a programmable nuclease, has
proven invaluable in research and biotech-
nology, with particular significance in gene
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(D) Design of the hairpin construct library with four variable nucleotides. See figs. S1A
and S2B and table S1 for more details. (E) Example intensity (Cy3, green; Cy5, red)
and FRET (blue) time trajectories (left) and FRET efficiency histograms (right) for

two individual members of the library that form a 6-bp (top) or 8-bp stem (bottom).

editing applications (77, 72). Nonetheless, de-
spite its inherent precision in targeted DNA
cleavage, Cas9 may still induce cleavage at ge-
nomic DNA sites with imperfect complemen-
tarity to the guide RNA, leading to off-target
editing (73-77). When considering the ther-
apeutic use of Cas9 enzymes, such off-target
activity raises safety concerns. Off-target DNA
binding and cleavage are affected by the type,
positioning, and total number of mismatches
(80, 73, 75, 78-81). Although protospacer adja-
cent motif (PAM)-distal mismatches are com-
patible with stable binding, they often result
in the formation of a catalytically incompetent
complex (79-85). A reversible unwinding of the
target DNA duplex in the PAM-distal region
triggers a conformational change in the nucle-
ase and serves as one of the main checkpoints
for cleavage (86). This process is sensitive to the
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Fig. 2. MUSCLE measurement of hybridization dynamics for a library of DNA hairpins with variable
stem sequence. (A) Example intensity (Cy3, green; Cy5, red) and FRET (blue) time trajectories for a
library member TTAA that can form two additional A-T base pairs at 10°C (left), 15°C (center), and
20°C (right). Heatmaps of equilibrium constants (B) and Gibbs free energies (C) for all library members
at 10°C (left), 15°C (center), and 20°C (right). Complementary nucleotides are located on the diagonal.
(D) Plots of average Gibbs free energies versus temperature for all library members with additional
complementary base pairs in none (red), only second (orange), only first (green), or both (blue) variable
positions. Error bars represent standard errors of the mean. (E) Comparison of measured Gibbs free
energies with mFold predictions at 10°C for all library members (right) or only those that form two
additional complementary base pairs (left). In each case, p denotes the Pearson correlation coefficient.
The red lines in both plots represent the linear fit of the data for library members that form two
additional complementary base pairs. Sequences that are substantially more stable than expected

on the basis of the nearest-neighbor prediction are highlighted in red. N = 124,387, 139,838, and

99,538 molecules for 10° 15° and 20°C, respectively.
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sequence complementarity in the PAM-distal
region and plays a key role in the improved
specificity of Cas9 variants. At the same time,
structural variations in target DNA-RNA interac-
tions can have a strong effect on the unwinding-
rewinding dynamics (75). However, the lack of
suitable methodology has thus far prevented an
exhaustive analysis of these dynamics across
the sequence space. We therefore adapted a
smFRET assay (86) to monitor Cas9-induced
target DNA unwinding-rewinding dynamics
using MUSCLE (Fig. 3 and fig. S6A).

The library constructs featured donor and
acceptor dyes on opposite strands of the target
DNA and spanned all combinations of nucleo-
tides in positions 17 to 20, while preserving
complementarity of the DNA duplex (Fig. 3A
and fig. S2C). Upon addition of catalytically
inactive Cas9 (dCas9) at saturating concentra-
tions (fig. S8), the initially-high FRET (fig. SOA)
decreased (Fig. 3, B and C, and fig. S9B) owing
to the formation of the DNA-RNA hybrid in the
PAM-distal region. For the perfectly matching
target DNA, time traces displayed continuously
low FRET values, indicating stable unwinding.
Conversely, in the presence of mismatches in
the target DNA, frequent reversions to higher
FRET were observed, indicating a dynamic
equilibrium between unwinding and rewind-
ing (Fig. 3C and fig. S7). The time spent in the
unwound state, and therefore the equilibrium
constant, varied substantially depending on
the target sequence (Fig. 3, B and C). In stark
contrast, the measurements for each sequence,
determined in two independent experiments,
displayed a correlation of 0.9, underscoring the
robust repeatability of MUSCLE measurements
(fig. S6D).

Notably, the number and positions of mis-
matches were among the main factors affect-
ing unwinding (Fig. 3, D and E). Mismatches
where the target DNA base was rendered iden-
tical to the corresponding RNA base consist-
ently had the most disruptive effect (fig. S6B),
likely because of the inability to form non-
canonical base pairs (73, 75, 78). We found that
some sequences exhibited a notably shifted
low-FRET peak, potentially indicating vari-
ability in the conformation of the unwound
state (fig. S9, B to D).

To estimate the accuracy of matching se-
quenced clusters to respective smFRET time
trajectories, we added a small fraction (<1%)
of a control construct with a distinct sequence
and starting FRET value to a MUSCLE exper-
iment (fig. S6C). Analysis of starting FRET
distributions for the control and library con-
structs sorted on the basis of sequence demon-
strated that at least 96% of smFRET time
trajectories were matched with the correct
sequence. As the surface of Illumina flow cells
is not optimized for single-molecule fluores-
cence imaging, we compared smFRET time
trajectories for fully matched DNA targets
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obtained using MUSCLE with those from con-
ventional smFRET under similar conditions.
Despite a higher background in the Cy5 chan-
nel upon excitation with a 532-nm laser, the
signal-to-noise ratio for MUSCLE traces was
comparable to those obtained by conventional
smFRET microscopy on a PEGylated quartz
slide (fig. S6E). High-quality smFRET time tra-
jectories can thus be readily obtained on the
surface of an Illumina flow cell.

The single-molecule capability of our meth-
od enabled us to derive kinetic rates from di-
rect equilibrium observations. Consequently,
we used hidden Markov model (HMM) anal-
ysis on the FRET time traces to determine the
sequence-dependent rates for Cas9-mediated
unwinding of target DNA (Fig. 3, F and G, and
fig. S10). As expected, the complementarity
between the guide RNA and the target DNA
primarily affected the rewinding rate, whereas
the G-C content of the target exerted a stronger
influence on the unwinding rate (fig. S10, C
and D). Notably, the rewinding rate exhibited
a substantially stronger correlation with the
mean FRET than the unwinding rate (0.93
versus 0.7), indicating that the rewinding rate
is the main factor that determines the equilib-
rium between target DNA unwinding and re-
winding (Fig. 3G). This observation is consistent
with the fact that the variation in stability
among fully complementary target DNA du-
plexes was considerably lower compared with
that among DNA-RNA hybrids, which can
have between zero and four mismatches.

DNA unwinding-rewinding dynamics correlate
with Cas9 cleavage rates

To examine the relationship between the tar-
get DNA unwinding and Cas9-mediated cleav-
age activity, we turned to a gel-based cleavage
assay and tested 16 target DNA sequences that
span the range of observed equilibrium and
dynamic behaviors (fig. S12, A and B). We ob-
served a variation of at least 30-fold in cleav-
age rates across the sequences tested (fig. S12,
A and B). To assess cleavage rates for all library
members, we leveraged an NGS-based cleav-
age assay (Fig. 4A). Results from both assays
displayed strong correlation (0.78), with the
dynamic range of the gel-based assay substan-
tially exceeding that of the NGS-based assay
(fig. S12B). Overall, the DNA sequences that
spend more time in the unwound state dis-
played more efficient cleavage (Fig. 4B, corre-
lation coefficient: 0.66), consistent with an
important role of the unwinding-rewinding
equilibrium in Cas9 activity (75, 82-89). At the
same time, a number of sequences substan-
tially deviated from this general trend (fig.
S12D). As all the target sequences had at least
16 base pairs of complementarity with the
guide RNA, variations in binding affinity are
unlikely to underlie these deviations. MUSCLE
analysis therefore could pinpoint sequences
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Fig. 3. MUSCLE measurements of Cas9-induced target DNA unwinding-rewinding dynamics for a
library with variable PAM-distal sequence. (A) Schematic of the FRET assay and design of the

construct library with four variable nucleotides in the PAM-distal region. See fig. S2C and table S1 for
more details. (B) Heatmap of the equilibrium constant for all library members in the presence of dCas9.
The nucleotides in positions 17 and 18 (most PAM-proximal variable nucleotides) are encoded in blocks

of four on each axis, and positions 19 and 20 are encoded within each block. The fully matched sequence is
located in the upper-left corner. N = 125,697 molecules. (C) Example FRET time trajectories (left) and
FRET efficiency histograms after dCasS addition (right) for four individual members of the library that
have between zero and three mismatches. See also fig. S7. (D) Plot of the equilibrium constant as a function
of the number of consecutive mismatches starting from the PAM-distal target DNA end (left) or of the
position of a single mismatch (right). Error bars represent standard errors of the mean. (E) FRET efficiency
histograms after dCas9 addition for library members combined based on the number of consecutive
mismatches (red) starting from the PAM-distal (orange) target DNA end. (F) Example intensity (Cy3, green;
Cyb, red) and FRET (blue) time trajectories, and Viterbi paths (red) obtained using HMM analysis for two
library members. (G) Plots of unwinding (left) and rewinding (right) rates versus mean FRET values for
individual library members (black dots) and fit results with a model assuming a constant rewinding or
unwinding rate, respectively (red lines).
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mean FRET in the presence of dCas9 for all library members. p denotes the Pearson
correlation coefficient. (C) Example FRET time trajectories (left) and FRET efficiency
histograms after dCas9 addition (right) for sequences with unexpected properties: CATT,
GATC, ACAG, and AAGG. Red lines on the right represent fits of FRET efficiency histograms
with two (ACAG and AAGG) or three (CATT and GATC) Gaussian peaks. Straight lines in
the guide RNA-DNA base-pairing schematics indicate Watson-Crick interactions, while
dashed lines indicate potential non-Watson-Crick interactions. Gel-based cleavage
normalized to the fully matched sequence is presented next to scissor pictograms.
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with the rate-limiting step for Cas9 cleavage dif-
fering from Cas9 binding or DNA unwinding.
Several target sequences exhibited unex-
pected behaviors (Fig. 4C and fig. S11). Targets
with the nucleotides GATC or CATT in the var-
iable region (versus GATG for the fully matched
target) were cleaved much more slowly than
expected (29 or 3% cleavage in the gel-based
assay, respectively, compared with the full
match), despite having three or two matches,
respectively. Even though the GATC target had
a mismatch in position 17, which is the most
critical for cleavage out of the four variable
positions (79, 80, 82, 84, 86), cleavage was still
substantially reduced in comparison to GATA
with a mismatch in the same position (29%
versus 53% cleavage compared with the full
match). Because the folding of the nontarget
strand has been implicated in Cas9 activity
(90-93), we analyzed the potential to form
secondary structures for these sequences. We
found that both sequences could form un-
usually stable loops in the nontarget strand
(fig. S12C). These structures could interfere
with the unwinding-rewinding equilibrium
or hinder cleavage, and they explain the ap-
parent discrepancy between the relatively
efficient target DNA unwinding for GATC
and CATT and their slow cleavage. Indeed,
FRET time trajectories and distributions sug-
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gested the existence of an intermediate FRET
state for these sequences (Fig. 4C), consistent
with a distorted conformation that accommo-
dates a loop in the nontarget strand and hin-
ders cleavage.

The target with ACAG in positions 17 to 20
demonstrated unexpectedly efficient cleavage
(54% compared with the full match), despite
only featuring a single match in position 17
(Fig. 4C). The elevated activity could be due
to noncanonical base pairing interactions,
including one rG-dT pair, which is especially
well tolerated by Cas9 (80, 94-96). We found
that the AAGG sequence with two mismatches
displayed a cleavage rate and mean FRET
value close to those of the fully matched target
(GATG). Although noncanonical base pairing
might partially contribute to this, we noticed
that this sequence could form at least three
alternative duplex structures, each featuring
two canonical base pairs and a bulge in the
target strand (Fig. 4C). We speculate that
this sequence therefore entropically favors
the unwound conformation, which shifts the
unwinding-rewinding equilibrium and there-
by increases the cleavage rate.

Target sequence can substantially affect Cas9
specificity (73, 74, 97, 98). To assess whether the
observed effects of mismatches in positions 17
to 20 were specific to the target sequence, we

23 August 2024

repeated the NGS-based cleavage assay for a
different library where nucleotides 1 to 16 in
the PAM-proximal region were replaced with
a segment from the GEMIN5 gene (79, 99),
while nucleotides 17 to 20 were variable, as be-
fore. The single-guide RNA for this library was
designed to target the GEMIN5-derived se-
quence at positions 1 to 16, while maintaining
the same sequence (GATGQ) as the original li-
brary at variable positions 17 to 20 to facilitate
the comparison. The cleavage values for the two
libraries (fig. S13) exhibited a strong correlation
(0.82), indicating that the observed patterns of
cleavage efficiency are more general and not
specific to a particular target sequence context.

Conclusions

We have developed a method, MUSCLE, that
combines single-molecule fluorescence micros-
copy with next-generation sequencing to enable
highly multiplexed observations of complex dy-
namics. Our data provide mechanistic insights
into the off-target activity of Cas9 and can be
used to refine guide efficacy and off-target pre-
diction algorithms. We envision that MUSCLE
will contribute to the development of improved
RNA-guided nucleases. A primary benefit of a
comprehensive analysis lies in its independence
from a priori hypotheses, rendering it con-
siderably more effective in the detection of
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unforeseen phenomena. Indeed, MUSCLE al-
lowed us to discover and scrutinize “outlier”
target sequences with unexpected dynamic be-
haviors. Given that both fluorescence micros-
copy and MiSeq instruments are ubiquitous
and the adapter can be simply 3D printed,
we anticipate that MUSCLE will be readily
adopted by the scientific community. Our ap-
proach lends itself to the study of not only a
wide range of proteins acting on libraries of
modified or unmodified nucleic acids but also
DNA-barcoded proteins, compounds, or ligands.
‘We note that longer library constructs can also
be used in the MUSCLE approach by design-
ing them to be cleaved into shorter (<300 bp)
DNA molecules for amplification and sequenc-
ing at the end of a single-molecule experiment.
In this scenario, the variable sequence portion
does not have to be confined to the remaining
construct after cleavage, as barcoding can en-
code sequence variability elsewhere. Moreover,
we envision that MUSCLE can be implemented
with other single-molecule techniques, such
as force spectroscopy. For example, magnetic
tweezers offer the possibility to conduct par-
allel measurements on a large number of mol-
ecules (100-102). We note that the library size
in our approach is limited only by the mea-
surement throughput. For example, a single
MUSCLE experiment with a full MiSeq flow
cell was sufficient to obtain complete coverage
of a 4096-member hairpin library containing
six variable nucleotides (fig. S14). We therefore
anticipate that much larger libraries (>10,000
members) can be analyzed using MUSCLE,
thus paving the way for genome-scale single-
molecule biophysics.
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