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BACKGROUND: Biomolecules derive their function from sequence.

Small changes in DNA, RNA, or protein sequence can shift

structure, mechanics, and reaction pathways. These effects shape

folding, binding equilibria, and the mechanochemical cycles of
molecular machines. Ensemble assays have mapped many

sequence-function relationships, but population averaging obscures

transient intermediates, rare states, alternative pathways, and
static heterogeneity.

Single-molecule methods overcome this limitation. Techniques

such as single-molecule fluorescence resonance energy transfer

(smFRET), colocalization imaging, optical and magnetic tweezers,
and nanopore-based force spectroscopy reveal real-time transitions
between structural states that bulk measurements hide. Yet typical
single-molecule experiments are slow and low throughput, typically
probing one construct at a time. This bottleneck has limited our

ability to explore large sequence spaces and to connect specific
sequences to detailed Kkinetics.

ADVANCES: New multiplexed single-molecule strategies now address

this gap. Recent work links the functional “phenotype” of an

individual molecule to its precise sequence across thousands of
variants in one experiment. Two general approaches have emerged:

MUSCLE (multiplexed single-molecule characterization at the

library scale) and SPARXS (single-molecule parallel analysis for
rapid exploration of sequence space) couple TIRF (total internal

reflection fluorescence)-based fluorescence trajectories with in
Illumina sequencing, generating millions of spatially registered

situ

traces tied directly to a known variant. SPIN-seq (single-molecule

phenotyping and in situ sequencing) uses single-molecule
sequencing-by-hybridization on surface-immobilized DNA to

identify each sequence variant after Kinetic imaging on the same
TIRF microscope. These methods now enable sequence-resolved

measurements of conformational dynamics, kinetic landscapes,
reaction pathways, and static heterogeneity at scale.

This capability has already revealed how sequence tunes
Holliday junction isomerization, DNA hairpin breathing, and

Sequence-function relationships across

Cas9-induced target unwinding and rewinding. It complements
earlier single-molecule work showing that the stepping behavior of
polymerases, helicases, polymerases, and ribosomes is dictated by
local, sequence-dependent energy barriers. Multiplexing now
generalizes such analyses to full libraries measured under

identical conditions.

Technical challenges remain: Field-of-view limitations, photo-
bleaching, and incomplete cluster formation reduce throughput
relative to standard next-generation sequencing. Rare behaviors may
be missed when sampling limits are reached, and nonequilibrium
reactions are difficult to synchronize across large sample surfaces.
Advances in imaging hardware, photostable labeling, and optically
gated reaction initiation will be key for further development.

OUTLOOK: The scope of multiplexed single-molecule techniques

is also expanding beyond nucleic acids. Display technologies

or DNA-barcoded proteins could support high-throughput kinetic
analysis of peptide and protein libraries, including protein-
protein, protein-ligand, and aptamer-ligand interactions relevant
to drug discovery. Integrations with super-resolution imaging,
force spectroscopy, or DNA origami scaffolds may extend measure-
ments to mesoscale (tens to hundreds of nanometers up to a

few micrometers) structural motions and rotational degrees of
freedom. The iterative interplay between large-scale single-
molecule datasets and machine-learning models will enable
deeper interpretation and accelerate the discovery of sequence-
function relationships.

Ultimately, these developments reunite high-throughput sequenc-
ing with single-molecule biophysics. Tying molecular identity to
dynamic behavior for millions of molecules provides a powerful route
to map sequence-structure-function relationships with unprec-
edented resolution. This convergence promises a next generation of
tools for mechanistic biology and molecular engineering. [
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MOLECULAR BIOLOGY

From sequence to function:
Bridging single-molecule kinetics
and molecular diversity

A.N. Kapanidis'?*, L. Muras®, K. Sreenivasa®, J. P. Hazra'?,
J.van Noort?, C. Joo*$, S. DeindI**

Biological function is fundamentally determined by nucleic acid
and protein sequence. Beyond encoding genetic information,
nucleic acids also display complex physicochemical parameters
that shape structure, dynamics, and interactions. Understand-
ing how sequence variation sculpts the energetic landscapes
underlying these properties requires methods that capture both
molecular diversity and dynamic behavior. Single-molecule
techniques are ideally suited to this task, but conventional
formats remain time and cost intensive. Recent breakthroughs
have enabled highly multiplexed approaches for observing
molecular dynamics across millions of individual molecules
representing thousands of sequences or barcoded entities.
Though still in development, these methods have begun to
bridge sequence, structure, dynamics, and function at scale,
opening new opportunities in drug discovery, molecular
diagnostics, and functional genomics.

Biological function is fundamentally determined by the sequence of
nucleic acids and proteins (Fig. 1). This principle is especially evident
in the role of DNA and RNA in encoding genetic information, which
in turn dictates the sequences and structural properties of proteins
(Fig. 1A). Beyond serving as carriers of genetic instructions, nucleic
acids also exhibit complex physicochemical properties that critically
influence their structure, dynamics, and interactions (Fig. 1, B to D).
Differences in the chemical properties of the DNA bases enable specific
interactions with proteins, such as transcription factors, through con-
tacts in both the major and minor grooves of the DNA (Fig. 1D).
Within double-stranded DNA, variations in hydrogen bonding be-
tween base pairs and differences in base-stacking interactions between
the aromatic rings of adjacent bases make the mechanical properties
of DNA sequence-dependent (Fig. 1, B and C). Such variations can have
important biological consequences, facilitating melting bubbles that
enable transcription and recombination, introducing bends and Kinks,
and giving rise to alternative structures such as G-quadruplexes. Fur-
thermore, local variations in the mechanical properties of DNA suggest
the existence of a mechanical code for positioning nucleosomes (1, 2),
adding another layer of transcription regulation. RNAs, being single-
stranded, allow for an even wider spectrum of sequence-dependent struc-
tures and dynamic conformational exchanges. As a result, DNA and
RNA store and transmit information beyond the explicit genetic code.
Achieving a comprehensive understanding of how sequence varia-
tions shape the energetic landscapes (Fig. 1E) that govern structural

'Department of Physics, University of Oxford, Oxford, UK. Kavli Institute for Nanoscience
Discovery, University of Oxford, Oxford, UK. *Department of Cell and Molecular Biology,
Science for Life Laboratory, Uppsala University, Uppsala, Sweden. “Department of
BioNanoScience, Kavli Institute of Nanoscience, Delft University of Technology, Delft,
Netherlands. *Biological and Soft Matter Physics, Huygens-Kamerlingh Onnes Laboratory,
Leiden University, Leiden, Netherlands. ®Department of Physics, Ewha Womans University,
Seoul, Republic of Korea. *Corresponding author. Email: kapanidis@physics.ox.ac.uk
(A.N.K.); sebastian.deindl@icm.uu.se (S.D.)

Science 29 JANUARY 2026

dynamics and molecular interactions, and ultimately modulate biological
function, often requires exploration of a broad sequence space.
Recent ensemble-based methods for high-throughput in vitro analy-
sis have substantially advanced mechanistic molecular biology (2-19).
Many of these approaches rely on DNA sequencing to distinguish be-
tween different library members. In these cases, DNA sequences can
be read out directly or used as indirect proxies for RNA or protein se-
quences through transcription, translation, or DNA barcoding. For
example, massively parallel reporter assays link DNA barcodes to regu-
latory elements to quantify their effects on gene expression (20, 21).
Deep mutational scanning enables systematic mapping of the func-
tional consequences of mutations across a protein or RNA sequence
(22, 23). In another approach, DNA-barcoded protein-binding assays
can reveal sequence determinants of transcription factor binding with
high resolution (4, 24)). More broadly, DNA barcoding extends these strat-
egies to encompass diverse types of chemical variation (6, 7). Although
these methods offer considerable advantages, their capacity to resolve
dynamic processes is inherently constrained by ensemble averaging.

Single-molecule measurements and the power of multiplexing

Single-molecule techniques provide a powerful means to study these
dynamic processes, as they circumvent ensemble averaging, which can
obscure transient intermediates and alternative kinetic pathways
(25-43). However, single-molecule methods are often limited in their
ability to observe multiple distinct molecular species, typically requiring
separate labor-intensive experiments for each species, one at a time.
This constraint often restricts single-molecule investigations to a small
subset of possible samples, making it impractical to study large libraries.

Recent studies have demonstrated the simultaneous analysis of mix-
tures containing two (44) or nine (45) distinct DNA sequences using
fluorophore-labeled detection oligonucleotides. More recently, Squires et al.
demonstrated an elegant solution-phase alternative in which nano-
structured fluorescence resonance energy transfer (FRET) barcodes,
held in an anti-Brownian electrokinetic trap, discriminate on the order
of two dozen DNA species (46). Although the barcodes markedly expand
the distinguishable palette, this approach does not provide a direct
readout of each molecule’s sequence and is presently limited to tens of
variants. Collectively, these studies established a proof of concept for
correlating the functional characteristics of an individual DNA molecule,
referred to as its “single-molecule phenotype,” with its corresponding
DNA sequence. This phenotype may encompass structural or dynamic
features of molecular interactions, such as the kinetics of a biochemical
reaction at the single-molecule level, the equilibrium dynamics of bind-
ing and unbinding events, or conformational changes in a protein-DNA
complex. For surface-immobilized libraries, the workflow involves im-
mobilization of a library of distinct DNA sequences on a solid support,
a single-molecule fluorescence measurement that evaluates a single-
molecule phenotype of each DNA molecule, and a step where the library
complexity is interrogated by sequential transient DNA hybridization.
By contrast, the solution-phase barcode strategy decouples the phenotype
measurement from any surface attachment, relying instead on photo-
physical tag combinations for molecular identity. Both routes, however,
still face scalability challenges when applied to truly large libraries.

In another study, single-molecule fluorescence imaging was com-
bined with in situ single-molecule DNA sequencing to provide an end-
point measurement for identifying histone modifications and genomic
positions of individual nucleosomes (47, 4#8). However, the protocol
used did not capture single-molecule dynamics, limiting its application
to mapping populations. These pioneering efforts relied on custom
methodologies, and their progression is hampered by the absence of
commercial platforms for in situ single-molecule sequencing.

Linking single-molecule kinetics to nucleic acid sequence
The development of DNA sequencing approaches has often been

closely intertwined with advancements in single-molecule methods,
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Fig. 1. Sequence variation modulates structure, dynamics, and interactions of
biomolecules across multiple levels. (A) Schematic overview of the hierarchical
information flow from DNA to folded protein according to the central dogma of
molecular biology, illustrating how DNA sequence not only encodes amino acid
identity but also shapes structural and dynamic properties at each stage of molecular
processing. (B) The sequences of DNA and RNA encode their characteristic
secondary and tertiary structures. Shown are canonical duplex forms such as B-DNA
and A-DNA, as well as noncanonical motifs that include G-quadruplexes and
structured aptamers. Common RNA secondary structures include stem-loop hairpins,
whereas fully folded tRNAs and ribozymes exhibit complex tertiary architectures
shaped by sequence context and base identity. [tRNA structure adapted from ToGo
Picture Gallery, CC BY 4.0] (C) Sequence variation shapes energetic landscapes and
transition kinetics of folding and unfolding pathways. Shown are examples of
force-induced hairpin unfolding, DNA bubble formation, and conformational exchange
within structured RNA or DNA segments, such as Holliday junctions (HJ). (D) DNA
sequence controls interactions with proteins, including the sequence-dependent
recognition by transcription factors and RNAP (top) as well as the sequence-
dependent Cas9 binding and target DNA unwinding (bottom). Energy landscapes
illustrate sequence-specific kinetic barriers and intermediates during enzyme
function. Indicated are energy differences between bound and free states (including
transition barriers) and the kinetic rates of target-site search by facilitated diffusion.
[In vivo transcription factor binding energy landscape adapted from (125), CC BY 4.0;
genome editing energy landscape adapted from (126), CC BY 4.0] (E) In complex
multistep biological processes, different sequences give rise to distinct energy
landscapes. Sequence variation reshapes both the geometry of the energy surface and
the accessibility of kinetic pathways, favoring distinct major and minor pathways
depending on barrier heights, cooperative transitions, and environmental constraints.
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with each technology driving the other’s growth and impact. For ex-
ample, the pursuit of single-molecule DNA sequencing catalyzed early
advances in single-molecule fluorescence spectroscopy in solution.
Pioneering efforts in R. Keller’s lab at Los Alamos involved attempts
to sequence DNA by digesting immobilized, fluorescently labeled DNA
fragments using an exonuclease and then detecting the cleaved fluo-
rescent nucleotides as they passed through a laser-interrogated detec-
tion zone (49). Similarly, the original aim of the company Solexa in the
1990s was to achieve fluorescence-based single-molecule DNA se-
quencing. Although these initial efforts were hampered by sensitivity
challenges, they ultimately led to the development of clonal-cluster DNA
next-generation sequencing (NGS), later commercialized by Illumina.

Other efforts, motivated by the push for rapid and affordable ge-
nome sequencing during the Human Genome Project, were driven by
single-molecule biophysics groups and led to several single-molecule
technologies that made third-generation DNA sequencing (based on
single-molecule detection) a reality. These efforts began with seminal
proof-of-concept studies (Fig. 2) that demonstrated the feasibility of
reading sequence information from single DNA molecules using either
fluorescence- or force-based approaches (50-52), followed by the first
demonstration of single-molecule DNA sequencing (53) (Fig. 2, A and
B). This work culminated in technologies such as PacBio sequencing,
which relies on the real-time incorporation of labeled nucleotides in
zero-mode waveguides (54) (Fig. 2C), and nanopore sequencing, which
reads DNA sequence information by detecting electrical signal changes
as individual bases of nucleic acid strands pass through a protein nano-
pore (55) (Fig. 2D).

The interplay between single-molecule methods and DNA sequenc-
ing, however, extends beyond decoding the one-dimensional sequence
information for nucleic acids. From their inception, single-molecule
experiments have explored the mechanical properties of biological
heteropolymers, particularly DNA and RNA, and how these properties
influence function and biological roles. This interest stemmed both
from the rich information content of nucleic acids and from practical
considerations, such as the ease of preparation, labeling, modification,
and surface immobilization for single-molecule studies. From the earli-
est single-molecule FRET measurements (56, 57), researchers explored
sequence variation and modifications, initially to validate methodolo-
gies, then to test hypotheses, and ultimately to uncover unexpected
behaviors using powerful single-molecule techniques. Sequence de-
pendence played a central role in many studies on ribozymes and RNA
folding Kinetics (57, 568), DNA hybridization (59), and protein-nucleic
acid interactions, such as exonucleases and nucleic acid polymerases.

A key example involves the bacterial RNA polymerase (RNAP),
which catalyzes DNA-templated RNA synthesis. Early single-molecule
optical trapping experiments measured the force and velocity of RNAP
during transcription on DNA and revealed that the RNAP motion on
the DNA during transcription elongation (and the associated transcrip-
tion kinetics) was influenced by DNA sequence (60). Subsequent stud-
ies demonstrated frequent polymerase pausing, independent of RNAP
backtracking (61). Early single-molecule work by Greenleaf and Block
(52) began to establish a link between RNAP pausing and DNA se-
quence (Fig. 2A), anticipating later genome-wide approaches. However,
the sequence dependence of this ubiquitous pausing remained unclear
until single-molecule measurements were combined with NGS (62, 63),
leading to the identification of a consensus DNA sequence associated
with frequent elongation pauses and to the mechanistic dissection of
these events. The power of single-molecule approaches in probing
sequence-dependent functional effects was further exemplified by
recent high-resolution nanopore tweezers studies that track RNAP
motion along the DNA template with unprecedented temporal and
spatial resolution, resolving translocation events smaller than a single
base-pair step (<3.4 A). These studies revealed a complex kinetic land-
scape in which RNAP transitions between multiple transcriptional
states, with these transitions being highly DNA-sequence dependent
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Fig. 2. Early single-molecule approaches linking DNA sequence to molecular function.

(A) Motion-based DNA sequencing using optical tweezers. Greenleaf and Block (52,127) tracked
single RNAP molecules transcribing in dual optical traps. Limiting the concentration of one type of
nucleotide at a time caused site-specific pauses, producing distinct patterns that reveal sequence.
Aligned transcription traces under different conditions generate position histograms, from which base
identity is inferred. [Adapted with permission from (52); adapted with permission from Springer Nature
(127)] (B) Early sequencing-by-synthesis with asynchronous base incorporation. Harris et al. (53)
hybridized poly(dA)-tailed templates to surface-tethered poly(dT) primers. Each cycle added a single
fluorescently labeled nucleotide, followed by polymerase extension, imaging, dye cleavage, and washing.
Fluorescence at fixed positions across cycles allowed direct single-molecule reads, laying the
groundwork for today’s multiplexed platforms. [Adapted with permission from (53)] (C) Real-time
sequencing in zero-mode waveguides (ZMWSs). Eid et al. (54) used immobilized DNA polymerase and
fluorescently labeled deoxynucleotide triphosphates (dNTPs) confined in ZMWs. Fluorophores on
terminal phosphates allowed real-time detection without inhibiting enzymatic activity. Early traces
show color-coded incorporation events across a ~28-base read, capturing nucleotide identity and
polymerase kinetics. Commercial implementations monitor tens of thousands of ZMWs in parallel,
but a single ZMW is depicted for clarity. [Adapted with permission from (54)] (D) Nanopore-based
methods linking sequence with dynamics. (i) Clarke et al. (55) demonstrated sequencing through a
modified a-hemolysin pore with an adapter, detecting individual nucleotides through ionic current
signatures, an early foundation for modern nanopore sequencing. Modern nanopore sequencers

use large arrays of pores and molecular barcoding to achieve massive parallelization; here, a single
pore is shown to illustrate the underlying principle. (ii) Nova et al. (64) combined nanopore sensing
with force application. Using engineered templates and transcription complexes, RNAP was held

at the pore rim while voltage-induced translocation revealed subnucleotide steps and sequence-
dependent pausing, capturing both dynamic and mechanical features of transcription. [(i) Adapted
with permission from Springer Nature (55); (ii) reproduced from (64), CC BY-NC-ND 4.0]
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and modulated by interactions between DNA and struc-
tural elements of RNAP (64) (Fig. 2D). Nanopore tweezers
strategies have also been applied to helicases, providing
detailed mechanistic insights (65-67), and helicases of
this type also serve as processive motors in nanopore
sequencing platforms to regulate translocation through
the pore (68). Extending beyond RNAP and helicases,
similar advances have been achieved for other linear mo-
lecular machines that operate on nucleic acids, such as
DNA polymerase (69) and the ribosome (70). However,
the requirement for linear motion along a template
constrains the scope of these technologies, necessitating
the development of additional, more general methods
to study the broader landscape of protein-DNA interac-
tions and biomolecular interactions in general.

Multiplexed single-molecule measurements

In addressing the need for additional methods, two dis-
tinct strategies for highly multiplexed single-molecule
measurements (see Box 1) have recently emerged: the
closely related MUSCLE (multiplexed single-molecule
characterization at the library scale) (77) and SPARXS
(single-molecule parallel analysis for rapid exploration
of sequence space) (72) methods as well as SPIN-seq
(single-molecule phenotyping and in situ sequencing)
(73) (Fig. 3).

Integrating single-molecule fluorescence with

lllumina sequencing

The MUSCLE and SPARXS methods integrate single-
molecule fluorescence microscopy with Illumina NGS
(74) to monitor complex dynamic behaviors at the
single-molecule level while subsequently determining
their sequence (71, 72). The workflow begins with the
design of a molecular library that includes sequenc-
ing adapters for immobilization on the surface of an
Illumina MiSeq flow cell, ensuring compatibility with
both single-molecule imaging and sequencing (Fig. 3A).
The MiSeq flow cells are first examined by single-
molecule fluorescence imaging of surface-bound con-
structs using objective-type total internal reflection
fluorescence (TIRF) microscopy. With highly auto-
mated TIRF microscopy, many single molecules can be
tracked over time, typically on a millisecond to min-
ute timescale, revealing dynamic processes and struc-
tural changes.

Following this, Illumina’s bridge amplification pro-
cess generates clusters of identical copies from single
template molecules, which are then subjected to se-
quencing by synthesis. This sequencing method pro-
duces a FASTQ file, a widely used format for storing
sequence data alongside quality scores. In the case of
Illumina sequencing, the FASTQ file also records the
position of each sequencing tile and cluster positions
within the tile. In the final stage, each molecule’s se-
quence is coupled to its corresponding fluorescence
by linking the sequencing position to the spatial coor-
dinates of the single-molecule time traces, yielding a
dataset containing the sequence of hundreds of thou-
sands to millions of single-molecule fluorescence time
trajectories. These data can then be analyzed using
various computational and visualization approaches to
elucidate sequence-dependent molecular dynamics in
libraries containing up to tens of thousands of mem-
bers. To facilitate adoption of MUSCLE and SPARXS,

460

920z ‘20 |udy uo A1sieAlun 1pq e HI0'80us IS MMM/ STy WO papeoumoq



Box1. Defining “multiplex” in single-molecule methods

The term “multiplex” in the context of single-molecule techniques can
refer to distinct experimental strategies. One common usage simply
denotes the parallel measurement of many individual molecules of
the same type. These approaches enhance throughput and statistical
resolution and are broadly applied in high-throughput single-
molecule studies (122-124).

In this Review, we adopt a more specific definition: multiplex
single-molecule methods that resolve and monitor multiple distinct
molecular species within the same experiment. Here, multiplexing
refers to molecular identity, such as differences in sequence, being
discerned at the single-molecule level. These methods enable direct,
comparative analyses of heterogeneous populations under identical
conditions. Notably, commercial single-molecule sequencing
platforms (e.g., PacBio and Oxford Nanopore) already operate ina
massively parallel fashion with respect to sequence readout. However,
they have generally not been used to multiplex dynamic single-molecule
phenotypes in the sense defined here. Our focus is on methods that
explicitly couple sequence identity to kinetic or conformational readouts
across many distinct molecules in the same experiment.

standardize experimental procedures, and enhance reproducibility
across laboratories, the accompanying software and test datasets have
been made freely available and detailed protocol papers have been
published (75, 76).

The most direct application of this approach is to investigate how
DNA sequence influences conformational equilibria and dynamic be-
havior of structured DNA elements. For example, SPARXS has enabled
the systematic analysis of the sequence dependence of the Holliday
junction core across the complete sequence space (72) (Fig. 3B). Al-
though the influence of core and flanking sequences on junction
dynamics has been recognized for decades (77, 78), a quantitative high-
resolution experimental study had not been made possible until re-
cently. By applying SPARXS, the authors of this study examined all
4096 possible core sequences of the junction, generating a rich dataset
that allowed them to construct a thermodynamic model capturing the
underlying kinetics with high accuracy. This analysis revealed that
both the core and penultimate bases contribute substantially to the
dynamic behavior of the junction, a concept that had been qualitatively
proposed, but not quantitatively validated, until now. Furthermore,
the model enabled direct estimation of dinucleotide stacking energies,
which showed strong agreement with values obtained from bulk as-
says. As another example involving only DNA, MUSCLE has been used
to systematically characterize DNA hairpin structures using libraries
of up to 4096 distinct sequences, examining their properties at several
different temperatures (71).

To illustrate how this approach can be extended to protein-nucleic
acid interactions, MUSCLE has also been applied to investigate the
unwinding-rewinding dynamics of target DNA induced by Cas9 (71),
a programmable nuclease widely used in research, biotechnology, and
gene editing (79, 80) (Fig. 3C). These analyses revealed that the rate
of DNA rewinding is the primary determinant of the equilibrium be-
tween unwound and rewound states. Target sequences that remained
longer in the unwound conformation were more efficiently cleaved,
consistent with a key role for the unwinding-rewinding equilibrium
in Cas9 activity. Furthermore, by exploring a broad sequence space,
several target sequences were identified that exhibited unexpected
behaviors and substantially deviated from the general trend. This high-
lights a major advantage of comprehensive, high-throughput analyses:
their independence from a priori assumptions, which enhances their
capacity to reveal unanticipated phenomena.
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SPIN-seq: Single-molecule base calling and reaction monitoring
Large-scale single-molecule profiling of DNA libraries can, however,
also be achieved without cluster formation and subsequent sequenc-
ing by synthesis. Building on the ability to identify DNA sequences
within short single-stranded gaps through transient binding of short
fluorescent DNA oligos (44), SPIN-seq provides an additional ap-
proach for single-molecule multiplexing (73). Demonstrating the
ability to work with libraries, Hazra et al. related the single-molecule
phenotype to its corresponding DNA sequence by performing both
the functional and the sequencing assays on the same solid support
and instrument (Fig. 3D). The protocol starts with a DNA library
featuring permutations of the sequence segment under investiga-
tion that are immobilized randomly on a glass surface. The DNA
library is then interrogated for interactions with a protein of inter-
est (or other biomolecules) using single-molecule fluorescence imag-
ing, enabling the observation of thousands of individual molecules.
These interactions also include real-time, nonequilibrium reactions
driven by large multisubunit proteins. Finally, SPIN-seq is used to
determine the sequence of each DNA molecule and link it to the
corresponding single-molecule phenotype. The sequencing assay
presently achieves high accuracy for sequences up to five nucleo-
tides in length, thereby covering up to 1024 distinct DNA sequences.
This approach enabled a detailed investigation of RNA polymerase
kinetics during initial transcription (Fig. 3D), providing substantial
insight into the mechanisms underlying key transitions in this com-
plex reaction pathway.

Expanding the impact of multiplexed single-molecule studies
The ability to probe large sequence libraries with single-molecule tech-
niques marks a major advance in molecular biology, enabling the con-
nection of sequence identity with structural information and functional
kinetics across millions of molecules in parallel. To fully realize its
potential, future efforts should focus on further increasing throughput,
refining approaches to study nonequilibrium enzymatic processes, and
broadening applications beyond nucleic acids (Fig. 4).

Overcoming present limitations in throughput

One of the main challenges, despite highly automated implementa-
tions, remains throughput, particularly when compared with NGS
platforms used in MUSCLE and SPARXS. The Illumina MiSeq, for
example, can yield tens of millions of reads. However, when combined
with sequential single-molecule fluorescence imaging, the yield reduces
to only ~10° of linked molecules, owing to incomplete cluster forma-
tion, bleaching events, overlapping positions, and stringent filtering
of sequencing reads and time traces. Alternatively, SPIN-seq has dem-
onstrated high accuracy for sequences up to five nucleotides in length,
thereby covering up to 1024 distinct DNA sequences. However, as se-
quence length increases, the number of possible sequences grows
exponentially. For example, a 10-nucleotide sequence space encom-
passes more than 1,048,576 unique sequences. This rapid expansion
makes complete sequence sampling beyond 10 nucleotides impracti-
cally time consuming, even with increased throughput.

A key strategy for increasing the efficiency of data collection is to
expand the field of view (FOV) (Fig. 4A). Modern sCMOS (scientific
complementary metal-oxide -semiconductor) cameras offer higher
resolution than the EMCCD (electron-multiplying charge-coupled
device) cameras used in early multiplexed single-molecule imple-
mentations. Using the full FOV could enhance acquisition efficiency
by up to an order of magnitude. Additionally, for slower kinetic pro-
cesses occurring on timescales of several seconds or more, imaging
efficiency can be further increased by cycling through multiple FOVs
sequentially at each time point. Acquisition efficiency can also be
enhanced by methods such as DyeCycling (81) and REFRESH (82),
which sustain donor fluorescence in single-molecule FRET by con-
tinuously exchanging photobleached dyes during TIRF excitation,
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Fig. 3. Quantitative insights from multiplexed single-molecule platforms reveal sequence-dependent variation in kinetic and thermodynamic behavior. (A) Overview of
a MUSCLE or SPARXS experiment (the example shown here is Cas9 DNA unwinding). A DNA sequence library is synthesized and immobilized on a flow cell. Single-molecule
fluorescence imaging yields time traces from individual molecules. The same flow cell undergoes NGS to identify the sequence and spatial position of each DNA cluster.
Fluorescence and sequencing data are aligned to extract kinetic or equilibrium parameters, such as FRET states or transitions, per sequence. [Adapted with permission from
Elsevier (9); adapted with permission from (71); adapted with permission from Springer Nature (76)] (B) Sequence-dependent Holliday junction dynamics in a 4096-member
SPARXS library. (i) Bases 3,4, 7, and 8 are randomized. (ii) Heatmap of the dynamic molecule fraction across variants, with clustering seen at bases 7:8. Stars indicate fully
matched junctions. (iii) Transition rates are reduced in sequences with the RYC motif. [Adapted with permission from (72)] (C) Cas9 unwinding and cleavage dynamics using
MUSCLE. (i) smFRET assay with a DNA library varying four PAM-distal bases. (ii) FRET traces for a mismatched sequence (top) and equilibrium constants for all sequences
(bottom), organized by identity at positions 17 to 20. (iii) Unwinding-rewinding rates plotted versus mean FRET, with model fits. (iv) FRET traces and cleavage for selected
mismatched sequences show impaired cleavage correlating with FRET, linking kinetics to outcomes. [Adapted with permission from (71)] (D) SPIN-seq. (Left) Immobilized DNA
libraries are imaged for biomolecular interactions (e.g., protein binding kinetics), denatured, and rehybridized. Sequence is read by hybridizing fluorescent “seals” to gapped
DNA; seal binding distinguishes complementary from mismatched sequences. (Top right) Sequential interrogation of a DNA gap by four seals, with T-seal as the match. (Bottom
right) smFRET monitoring of transcription initiation reveals distinct promoter DNA pathways and measures pause lifetimes across a 16-sequence library (+6/+7 degenerate
bases). [Adapted from (44), CC BY 4.0; adapted from (73), CC BY 4.0]
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(A) Increasing data collection efficiency. Throughput can be maximized by (i) using full sSCMOS camera
fields of view or (ii) cycling through multiple FOVs sequentially for slower kinetic processes. (iii) DyeCycling
(81) sustains donor fluorescence in single-molecule FRET by continuously exchanging photobleached dyes
during TIRF excitation, enabling longer observation windows for kinetic analysis and increasing the statistical
power of equilibrium binding measurements from fewer molecules. (B) Peptide and protein libraries.
DNA-barcoded peptide and protein libraries allow single-molecule kinetic screening of binding, folding, or
enzymatic activity. Techniques such as ribosome and cDNA display link behavior to sequence, enabling
functional profiling across millions of variants. Applications span signaling, immunity, and protein
engineering. (C) Aptamer characterization. High-throughput screening of nucleic acid aptamers at the
single-molecule level can uncover folding pathways, binding kinetics, and structural dynamics tied to
sequence. This enables identification of aptamers with high specificity, adaptability, and functional stability
for therapeutic, diagnostic, and analytical uses. (D) Sequence multiplexing in other single-molecule
methods, such as magnetic tweezers. Incorporating sequence-encoded tethers enables parallel force
spectroscopy on multiple DNA or RNA constructs, facilitating comparison of mechanical responses or
enzymatic processing. These platforms can also include colocalization-based fluorescence readouts

for monitoring protein dynamics or substrate conformational changes alongside mechanical data.

(E) Expansion to cell libraries. Linking single-molecule readouts to cell-based assays involves using genetically
defined cell libraries combined with phenotypic sorting (e.g., growth, stress). Cells can be analyzed for
molecular structure, localization, and dynamics using FRET, MINFLUX (128), expansion microscopy (129), and
smFISH (130,131), connecting genotype, phenotype, and mechanism in a unified experimental pipeline. Visual
examples are stylized illustrations inspired by reported single-molecule observations in cells.

Science 29 JANUARY 2026

REVIEW

thereby enabling longer observation windows for kinetic
analysis. Advances in hardware and software automa-
tion, alongside optimized imaging protocols to maxi-
mize the fraction of molecules that can be successfully
linked, will be critical in improving the accessibility, effi-
ciency, and throughput of multiplexed single-molecule
studies.

It is important to note, however, that the strength of
multiplexed single-molecule approaches lies not in re-
placing high-throughput sequencing but in comple-
menting it by providing Kinetic and mechanistic insights
that bulk sequencing cannot capture. As such, single-
molecule sequence profiling may be best suited for tar-
geted studies, focusing on biologically relevant sequences
rather than random libraries. A genome-referenced ap-
proach, as demonstrated in loop-seq (2) provides a prom-
ising strategy for prioritizing relevant sequences. By
anchoring analysis to a well-defined reference frame-
work, such as the yeast genome or specific regulatory
elements, Kinetic parameters from tens of thousands of
sequences involved in key processes such as transcrip-
tion, translation, and chromatin dynamics can be ef-
ficiently extracted.

When it is impractical to exhaustively sample the vast
sequence space, machine learning (ML) offers a power-
ful tool for extracting meaningful insights from in-
complete datasets. ML can identify patterns, classify
molecular behaviors, and infer missing kinetic param-
eters from sparsely sampled data. Nonetheless, broad
sequence scans remain essential, as they often uncover
rare behaviors that ML models trained on limited data
may miss. Recent work shows that large language mod-
els trained on biological sequences and kinetic measure-
ments can capture rich sequence-function relationships
(83), suggesting that the high-throughput datasets pro-
duced by MUSCLE, SPARXS, and SPIN-seq could serve
as particularly powerful training material for such mod-
els. Conversely, single-molecule sequence profiling
can serve as an experimental platform to validate ML-
predicted interaction kinetics and binding specificities.
The iterative feedback between data-driven prediction,
continuous experimental testing, and refined modeling
will ultimately enhance the interpretability and utility
of these technologies.

Advancing methodology: Nonequilibrium studies

Many fundamental biological processes, such as tran-
scription, translation, and ligand binding, occur under
nonequilibrium conditions and involve transient molecu-
lar states that are difficult to capture using ensemble
methods. A key challenge is the study of nucleoside tri-
phosphate (NTP)-hydrolyzing enzymes, such as helicases
and polymerases, which drive irreversible modifications
of biological macromolecules. In single-molecule experi-
ments, these nonequilibrium processes are typically
initiated by perfusing the flow cell with enzymes and/
or NTP cofactors. Only one FOV can be imaged because,
after data acquisition, the reaction has already occurred
across the entire surface of the flow cell. Consequently,
only a small fraction of the substrates can be observed.
To overcome this issue, photo-uncaging strategies such
as LAGOON (84) provide spatiotemporal control over
enzymatic reactions, enabling precise synchronization
between reaction initiation and imaging. Integrating
LAGOON or other light-based reaction control strategies
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(85-87) will therefore enable multiplexed single-molecule observations
of complex nonequilibrium dynamics.

Broadening applications

Although multiplexed single-molecule studies have primarily been
applied to DNA libraries and can be readily adapted to RNA, its meth-
odology can also be extended to protein libraries, thereby broadening
its impact in molecular biology (Fig. 4B). A key application is the study
of protein-protein and peptide-protein interactions, which play a cru-
cial role in critical processes such as signal transduction and immune
recognition. By incorporating cDNA display or ribosome display for
peptide and protein libraries (88, 89), MUSCLE, SPARXS, or SPIN-seq
could enable high-throughput kinetic analyses of millions of individual
peptides and proteins in parallel. Recent advances have paved the way
for such approaches, including the profiling of DNA-barcoded protein
interactions at the single-molecule level (90), real-time kinetic screen-
ing of thousands of protein interactions using multiplexed biosensors
(91), and the integration of ribosome display with deep sequencing for
rapid antibody discovery (92).

Multiplexed single-molecule profiling also holds promise for inves-
tigating protein-ligand interactions, which play central roles in recep-
tor signaling and drug binding (Fig. 4C). A notable example is the use
of nucleic acid aptamers—short, structured DNA or RNA molecules
selected for high-affinity binding to specific protein targets—which
can be integrated into libraries for parallel interaction profiling.
Traditional high-throughput screening methods rely primarily on
affinity-based measurements, which fail to capture critical kinetic pa-
rameters, such as association and dissociation rates, which are key
determinants of drug efficacy and specificity. Multiplexed single-
molecule studies offer an alternative, enabling real-time Kinetic screening
of ligand-target interactions across large target and chemical libraries.
For example, although DNA-encoded chemical libraries (93-95) con-
tain millions to billions of small molecules, their integration with
single-molecule Kinetic measurements remains an unexplored frontier.
Bridging this gap could allow multiplexed single-molecule approaches
to identify compounds with optimal Kinetic profiles for therapeutic
development.

Although the MUSCLE, SPARXS, and SPIN-seq approaches thus far
have been used primarily for single-molecule FRET (smFRET) experi-
ments, they are also compatible with other single-molecule fluores-
cence techniques, including colocalization analysis and protein-induced
fluorescence enhancement (96). Furthermore, single-molecule localiza-
tion microscopy methods can be integrated, such as PALM, STORM,
and DNA-PAINT (97-99), enabling the exploration of how sequence
variations influence nano- and microscale structural organization.
Many biological processes involve structural transitions that span hun-
dreds of nanometers to micrometers. Investigating such large-scale
dynamics often requires techniques capable of probing molecular
mechanics over extended distances while maintaining single-molecule
resolution. Integrating force-spectroscopy methods, particularly mag-
netic tweezers (100-103), into the MUSCLE, SPARXS, and SPIN-seq
approaches would enable high-throughput studies of these long-range
biomolecular interactions (Fig. 4D). Additionally, large rigid DNA scaf-
folds constructed using DNA origami (104-107) can be readily com-
bined with oligonucleotide libraries and integrated, enabling the
study of large-scale dynamics beyond the spatial range accessible by
smFRET. Building on the origami-rotor-based imaging and tracking
(ORBIT) approach (108), DNA origami can also be used within multi-
plexed single-molecule studies to access a qualitatively different mode
of motion—DNA rotation—that is not readily detectable by smFRET.
However, overly large structures may interfere with cluster or gap for-
mation, and experimental validation of these approaches may reveal
additional practical limitations.

Although the MUSCLE, SPARXS, and SPIN-seq approaches enable
the direct linkage of complex molecular dynamics to sequence identity,
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they are inherently in vitro based and may not fully capture the dy-
namic behaviors that occur within native cellular environments. One
strategy to bridge this gap involves the use of cellular extracts applied
to immobilized nucleic acid libraries, thereby recreating more physi-
ologically relevant conditions. Additionally, the emergence of in situ
genotyping and sequencing techniques, such as rolling circle ampli-
fication, barcoding strategies, and related methods (109-112), has
opened new avenues for coupling genotypic information with multi-
plexed phenotypic readouts. Proof-of-concept studies for optical
pooled screening in both bacterial and mammalian systems have al-
ready demonstrated the feasibility of combining live-cell phenotyping
with in situ genotyping or barcoded readouts (113-116).

Naturally, the in vivo environment presents major experimental
challenges, including limited spatiotemporal resolution, lower signal-
to-noise ratios, and constraints on the labeling and detection of mo-
lecular species (117-121). Substantial technological advances will be
required to bring in vivo single-molecule approaches closer to their
in vitro counterparts in terms of data quality. However, such develop-
ments may one day provide similarly granular mechanistic insights
within native cellular contexts (Fig. 4E).

A powerful reunion of sequencing and

single-molecule biophysics

Taken together, the developments discussed here underscore the ongo-
ing convergence of two foundational technologies in modern biology:
sequencing and single-molecule biophysics. By fusing the throughput
and scalability of advanced sequencing technologies with the mecha-
nistic and dynamic insight of single-molecule imaging, we are now
poised to interrogate complex biological phenomena with previously
unattainable depth and precision. Whether on a flow cell or within a
living cell, the ability to link molecular identity with dynamic behavior,
across millions of distinct molecules, ushers in a new era of discovery.
This represents the latest chapter in a recurring narrative, where se-
quencing and single-molecule biophysics repeatedly intersect to ad-
vance our understanding of life’s molecular underpinnings.
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From sequence to function: Bridging single-molecule kinetics and molecular
diversity
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Editor’'s summary

How DNA and RNA molecules fold, move, and interact is controlled by their sequence in complex ways that remain
obscure. Existing methods can either determine sequences or measure single-molecule dynamics, but they typically
do not connect both types of information for large numbers of distinct sequences at once. Kapanidis et al. reviewed
new approaches that track the real-time dynamics of hundreds of thousands of individual molecules and then read out
the exact sequence of each one. By linking sequence to kinetic “behavior profiles,” these methods open new routes to
understanding mutations, drug action, and molecular mechanisms. —Di Jiang
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