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SUMMARY

Next-generation sequencing techniques have led to a new quantitative dimension in the biological sciences.
In particular, integrating sequencing techniques with biophysical tools allows sequence-dependent mecha-
nistic studies. Using the millions of DNA clusters that are generated during sequencing to perform high-
throughput binding affinity and kinetics measurements enabled the construction of energy landscapes in
sequence space, uncovering relationships between sequence, structure, and function. Here, we review
the approaches to perform ensemble fluorescence experiments on next-generation sequencing chips for
variations of DNA, RNA, and protein sequences. As the next step, we anticipate that these fluorescence ex-
periments will be pushed to the single-molecule level, which can directly uncover kinetics andmolecular het-
erogeneity in an unprecedented high-throughput fashion. Molecular biophysics in sequence space, both at
the ensemble and single-molecule level, leads to new mechanistic insights. The wide spectrum of applica-
tions in biology and medicine ranges from the fundamental understanding of evolutionary pathways to the
development of new therapeutics.
INTRODUCTION

All biological processes depend on the sequence of DNA, RNA,

and proteins. Sequence dictates the order of molecular building

blocks and thereby determines molecular structure and conse-

quently function, for example, binding or catalytic activity. The ef-

fect of sequence in biomolecules has been studied extensively

using biochemical assays, which gained momentum with the

development of next-generation high-throughput sequencing

(HiTS) techniques (Dey et al., 2012; Kinney and McCandlish,

2019). In 2011, 3 years after the introduction of Illumina

sequencing (Bentley et al., 2008), it was realized that these

sequencing devices could additionally be employed for quantita-

tive biophysical experiments (Nutiu et al., 2011). This opened the

door to an increased understanding of the physical mechanisms

behind sequence-structure-function relationships. The first

application was a protein-DNA-binding assay, performed using

the clusters of clonally amplified DNA that are created on the

flow cell surface during Illumina sequencing (Nutiu et al., 2011).

This is much like the protein-binding assays performed on DNA

microarrays (Bulyk, 2007). However, whereas washing and dry-

ing steps for traditional DNAmicroarrays likely remove low-affin-

ity binders (Nutiu et al., 2011), the approach using next-genera-

tion sequencing allows the proteins to be present during the

assay and thereby excels in observing a large range of affinities.

Recently, binding assays were also performed in real time on
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DNA microarrays, but they allow shorter substrate length, up to

60 nucleotides, and limited throughput, up to 1 million clusters

(Bumgarner, 2013; Marklund et al., 2022), compared with 1,000

nucleotides and 20 billion clusters when using sequencing (Illu-

mina, 2014; Tan et al., 2019). Frommeasurements at varying pro-

tein concentrations using clusters obtained from sequencing,

equilibrium binding constants and association and dissociation

rates were derived (Frank, 2013; Jarmoskaite et al., 2020; Pollard

and De La Cruz, 2013). These were used to paint an energy land-

scape in sequence space, thereby providing an accurate quanti-

tative picture of molecular behavior.

In the past decade, binding assays on next-generation

sequencing chips have been applied to study the influence of

DNA, RNA, peptide, and protein sequence for numerous biolog-

ical systems (Andreasson et al., 2022, 2020; Becker et al., 2019a,

2019b; Bonilla et al., 2021; Boyle et al., 2017; Buenrostro et al.,

2014; Denny and Greenleaf, 2019; Denny et al., 2018; Drees

and Fischer, 2021; Jarmoskaite et al., 2019; Jones et al., 2021;

Jung et al., 2017; Layton et al., 2019; Li et al., 2020; Mamet

et al., 2019; Nutiu et al., 2011; Ober-Reynolds et al., 2022;

Ozer et al., 2015; Perkel, 2018; She et al., 2017; Svensen et al.,

2016; Tome et al., 2014; Wu et al., 2019, Wu et al., 2022; Yessel-

man et al., 2019). In the next decade, we expect to obtain a

more detailed picture by transitioning from averaging over the

roughly thousand molecules in a cluster to measurements of

individual molecules. Single-molecule experiments will enable
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Figure 1. Workflow for ensemble biophysical experiments in sequence space using Illumina sequencing
First, the DNA library is sequenced on a sequencing flow cell. The Illumina sequencing process consists of hybridizing the library to surface-bound oligos and
subsequently performing surface-based amplification to obtain clusters of �1,000 molecules. Actual sequencing is performed by incorporating fluorescent
nucleotides with varying labels, one at a time. From the resulting images the DNA sequence of each cluster is determined. After removing the fluorescent
sequencing product, double-stranded DNA, RNA, or protein is synthesized forming the substrate for the biophysical assay. To study interactions a fluorescently
labeled ligand is added in solution, and the flow cell is transferred to a fluorescence microscope to capture the interactions. For each cluster, measurements at
multiple concentrations are fitted to extract equilibrium binding constants (Kd) from which binding energies are derived. In addition, apparent association or
dissociation rates can be determined by monitoring changes in fluorescence over time after a concentration change. After alignment of their spatial coordinates,
the datasets from the sequencing process and the biophysical assay are combined to obtain the sequence-dependent energy landscape.
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determination of reaction rates beyond two-state models and

will reveal temporal variations and diversity within populations

(Deniz et al., 2008; Hill et al., 2017; Moerner and Fromm, 2003;

Riveline, 2013). Single-molecule experiments on large sequence

libraries will thus further refine our mechanistic view of molecular

interactions.

In this review, we will discuss current biophysical techniques

that use next-generation sequencing to study the relation be-

tween sequence, structure and function. We will explore ap-

proaches to take these techniques to the single-molecule level

and discuss the challenges on the road. Furthermore, after an

overviewof theapplicationsof andadvancesmadeby thecurrent

techniques, wewill explore the possibilities when combining cur-

rent single-molecule methods with next-generation sequencing.

Finally, we will give an outlook on new research directions and

applications.

METHODOLOGIES

Biophysical assays on next-generation
sequencing chips
The DNA clusters that are produced by next-generation se-

quencers form an ideal substrate for high-throughput biophysi-

cal assays probing sequence space. The sequencer first per-

forms surface-based amplification of the library, resulting in

immobilized, clonal clusters with thousands of DNA molecules

(Goodwin et al., 2016; Figure 1). The sequence is then deter-

mined by incorporating fluorescently labeled nucleotides or by

ligating labeled complementary oligos, one at a time, processes

known as sequencing by synthesis or sequencing by ligation.
Because of the surface immobilization, the sequence of each

cluster is encoded by its position, similar to a DNA microarray.

This allows the sequencing chip to be transferred to any fluores-

cencemicroscope for detection of interactions between surface-

based DNA clusters and solution-based fluorescently labeled

molecules. To determine equilibrium binding constants and re-

action rates, cluster locations are found in the fluorescence im-

ages and their intensities for different time points or conditions

(e.g., concentration) are fitted to thermodynamic or kinetic

models. The coordinate systems of the sequencer and the fluo-

rescencemicroscope aremapped by cross-correlating the loca-

tions of a low-concentration marker sequence that can be spe-

cifically labeled with a fluorescent complementary oligo. Using

this coordinate map, measured parameter values can be linked

to sequences, resulting in the energy landscape of the reaction

in sequence space.

For biophysical assays, the Illumina sequencing platform has

been most popular, providing plenty of throughput, as shown

by the �440 million simultaneous binding experiments with

sub-micromolar sensitivity for binding affinity (Nutiu et al.,

2011). Since this initial study, the throughput of Illumina

sequencing has increased even further, allowing up to 20 billion

sequence reads (Illumina NovaSeq) (Illumina). Although the bio-

physical assays are dependent on the amplification chemistry

and the immobilization process of the sequencer, they are not

bound to a single supplier. The same approach was used with

BGI’s DNA nanoball sequencing (Li et al., 2020) and could, in

principle, be applied to Thermo Fisher’s SOLiD sequencing (dis-

continued), Roche’s 454 pyrosequencing (discontinued), and

Qiagen’s GeneReader platforms (see Box 1).
Molecular Cell 82, May 19, 2022 1789



Box 1. Next-generation sequencing techniques

A variety of next-generation sequencing methods is available, differing mainly in the use and method of amplification and the

sequence readout (Box 1; Buermans and Dunnen, 2014; Goodwin et al., 2016; Slatko et al., 2018). Illumina sequencing performs

bridge amplification, forming DNA clusters out of individual molecules directly on the flow cell surface. The sequence is determined

by sequencing by synthesis with reversible terminator chemistry, building in fluorescent nucleotides one at a time (Bentley et al.,

2008). In DNA nanoball sequencing (BGI), a template undergoes rolling circle amplification to form a long ssDNA molecule that

compacts into a DNA nanoball (Drmanac et al., 2010). SOLiD sequencing (sequencing by oligonucleotide ligation and detection,

Thermo Fisher, discontinued) amplifies individual DNA molecules on beads using emulsion PCR (Valouev et al., 2008). The beads

or nanoballs are subsequently attached to the flow cell surface and sequenced by repetitive ligation of fluorescent probes. SOLiD

Wildfire (Thermo Fisher, discontinued) instead performs amplification on the flow cell surface using a process called template

walking (Life Technologies, 2012). The GeneReader platform (Qiagen) combines bead-based amplification with reversible termi-

nator sequencing chemistry (Qiagen, 2015). 454 pyrosequencing (Roche, discontinued) (Margulies et al., 2005) and Ion Torrent

(Thermo Fisher) (Rothberg et al., 2011) also use bead amplification but perform sequencing by synthesis where a single-nucleotide

species is added per cycle. The readout for pyrosequencing is the light produced by an enzyme cascade as a result of a pyrophos-

phate release during nucleotide addition. For Ion torrent, the beads are deposited into semiconductor microwells that can detect

H+ ions produced during nucleotide attachment. Finally, single-molecule real-time sequencing (SMRT sequencing, PacBio) per-

forms sequencing without amplification on individual molecules immobilized in wells on a zero-mode wave guide by incorporating

fluorescent nucleotides on a circular DNA construct, where the fluorophore is cleaved off upon incorporation (Eid et al., 2009).

Nanopore sequencing (Oxford Nanopore Technologies) unwinds DNA and translocates one of the strands through a nanopore,

identifying nucleotides by measuring changes in current through the pore (Clarke et al., 2009). Sequencing techniques with elec-

trical readout, i.e., Ion torrent and nanopores, will be difficult to apply to fluorescence-based assays and are therefore outside the

scope of this review.

Next-generation sequencing techniques

Method name

Amplification

substrate Amplification method Sequencing method Sequencing readout

Illumina sequencing (Illumina) surface bridge amplification sequencing by synthesis:

cyclic reversible termination

fluorescence: reversibly

labeled nucleotides

DNA nanoball sequencing (BGI) solution rolling circle

amplification

sequencing by ligation fluorescence: reversibly

labeled probe

SOLiD sequencing (Thermo

Fisher)

bead emulsion PCR sequencing by ligation fluorescence: reversibly

labeled probe

SOLiD Wildfire (Thermo Fisher) surface template walking sequencing by ligation fluorescence: reversibly

labeled probe

454 pyrosequencing (Roche) bead emulsion PCR sequencing by synthesis:

single-nucleotide addition

fluorescence: reaction cascade

after pyrophosphate release

Ion Torrent (Thermo Fisher) bead emulsion PCR sequencing by synthesis:

single-nucleotide addition

electric potential: pH change

by proton release

GeneReader (Qiagen) bead emulsion PCR sequencing by synthesis:

cyclic reversible termination

fluorescence: reversibly

labeled nucleotides

SMRT sequencing (PacBio) – – sequencing by synthesis:

continuous addition

fluorescence: terminally

labeled nucleotides

Nanopore sequencing (Oxford

Nanopore Technologies)

– – DNA unwinding and translocation

through a nanopore

electric current: current through

the pore
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Implementations
Multiple implementations have emerged to combine cluster-

based biophysical assays with sequencing. One implementation

performs the binding assay on the sequencer, providing ease of

use by automation and by eliminating the need for linking the co-

ordinate systems of the two imaging modalities (Nutiu et al.,

2011). However, this approach requires physical access to the

sequencer for introduction of custom reagents, and software ac-

cess for alteration of the reaction steps (Markham et al., 2021;
1790 Molecular Cell 82, May 19, 2022
Pandit et al., 2022). Furthermore, the sequencer optics impose

constraints on the assay, for example, in terms of fluorophore

choice. Modifications to adapt the sequencer’s optical or fluidics

systems to the biophysical assay have been demonstrated, but

options are limited as the sequencing process should not be

affected (Buenrostro et al., 2014; Wu et al., 2022). Additionally,

such modifications require technical expertise and sacrificing

warranty, making this method mostly applicable to old

sequencer models.
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For higher versatility, the sequencing process and the bio-

physical assay can also be separated, allowing the use of any

fluorescence microscope for the assay and eliminating the

need for modifications to the sequencer (Jung et al., 2017; She

et al., 2017). This also opens the option to use external

sequencing services, as long as the sequencing flow cell can

be acquired afterward. The separate imaging modalities do

require mapping the coordinate systems of sequencing and ki-

netics datasets.

Measuring thermodynamics and kinetics
Equilibrium binding constants (Keq, e.g., dissociation constant

Kd) and observed rate constants (kobs, from which association,

dissociation and cleavage rates kon, koff, and kcleavage can be

derived) are extracted by fitting the fluorescence signal at each

cluster under varying conditions to a thermodynamic or kinetic

model (Frank, 2013; Jarmoskaite et al., 2020; Pollard and De

LaCruz, 2013). Equilibrium binding constants can be determined

from measurements at multiple binder concentrations, which in

turn allow the derivation of free energy changes (DG = �RT

ln(Keq)). To perform such measurements properly, sufficient

time for equilibration is required, and depletion of the binders

in solution must be prevented (Jarmoskaite et al., 2020). When

investigating high-affinity binders, the flow cell may be washed

to remove fluorescence from solution. For lower affinity binding,

however, the binder should stay in solution and total internal

reflection microscopy is needed to reduce background fluores-

cence. Dissociation constants (Kd) have been measured and

estimated in the range between 10 pM and 10 mM (Ober-Rey-

nolds et al., 2022). To determine rate constants, intensity is

observed over time after a concentration change of the molecu-

lar species in solution. The association rate (kon) of a first-order

reaction (A + B % AB) can be measured by introducing the

binder in the flow chamber. Dissociation rates (koff) can be deter-

mined by removing the binder or by replacement with an unla-

beled binder to prevent reassociation. By fitting the intensity

change to an exponentially decaying function the observed

rate (kobs) is determined. kon and koff can be determined with

the relation kobs = konc + koff, which reduces to kobs = koff when

measuring dissociation. Often Kd and either kon or koff is

measured, leaving the remaining parameter to be derived

through the relation Kd = koff/kon. Catalytic or cleavage rates

(kcat) can be measured by fluorescently labeling the immobilized

substrate and observing the disappearance of signal after start-

ing the reaction (e.g., A + B% AB/ A + C). Determining kobs for

various ligand concentrations and fitting to a Michaelis-Menten

model allows obtaining kcat and the Michaelis constant (Km) (An-

dreasson et al., 2020). If association is much faster than catal-

ysis, the reaction reduces to a single-rate reaction, and kcat be-

comes similar to kobs (Becker et al., 2019b).

The measurable range of rates depends on the imaging fre-

quency and measurement time. The slowest rates are measured

with over long timespans and with low imaging frequency to pre-

vent photobleaching. The fastest rates, on the other hand,

require high imaging frequencies. The maximum attainable fre-

quency is determined by the exposure time, field of view, and

scan area, and is thereby dependent on the number and density

of sequencing clusters. A trade-off must thus be made between
the rate constant resolution, the size of sequence space, and the

number of replicates per sequence. To enable detection of both

high and low frequencies log-spaced imaging intervals can be

used. Observed rates between roughly 100 s�1 and 10�6 s�1

have been reported (Andreasson et al., 2020).

Data from clusters with identical sequence provide intra-

experimental replicates. These can be used to both increase

the accuracy of parameter estimates and to quantify errors,

for example, by bootstrapping, taking the median and deter-

mine the confidence intervals. Errors can be intrinsic to the

measurement method. Sequencing errors, for example, occur

with a rate of �0.005 per base for Illumina sequencing (Stoler

and Nekrutenko, 2021) and can be reduced by incorporating

barcodes or unique molecular identifiers (UMIs) (Kivioja et al.,

2011) as an additional control. Other intrinsic errors result

from fluorescence microscopy, for example, as a result of cam-

era noise, variation in focus, illumination inhomogeneities or

photobleaching; these can be partly corrected by including

control clusters with a static fluorescence signal. Errors

extrinsic to the measurement include variations in temperature

and molecular concentration, these will determine the similarity

of inter-experimental replicates.

Overall, thermodynamic and kinetic measurements on

sequencing flow cells have been highly reproducible (Andreas-

son et al., 2022, 2020; Becker et al., 2019a; Boyle et al., 2017;

Denny et al., 2018; Jarmoskaite et al., 2019; Wu et al., 2019; Yes-

selman et al., 2019), with inter-experiment R2 values reported of

up to 0.96 (Becker et al., 2019a; Denny et al., 2018). Sequencing-

based biophysical assays have also been compared with tradi-

tional techniques. Results from low-throughput gel shift assays

and filter binding assays, either from verification experiments

or from published literature, showed good correspondence (An-

dreasson et al., 2020; Buenrostro et al., 2014; Jarmoskaite et al.,

2019; Jung et al., 2017; Nutiu et al., 2011; Tome et al., 2014; Yes-

selman et al., 2019). However, while comparison with protein-

binding microarrays (PBMs) showed agreement on the identity

of high-affinity sequences, magnitudes of binding affinity

differed, especially for moderate and low-affinity interactions

(Nutiu et al., 2011). In addition, results correlated well with phe-

nomena in vivo (Jung et al., 2017; Nutiu et al., 2011; She et al.,

2017). In this regard, assays on sequencing clusters outper-

formed PBMs (Nutiu et al., 2011) and RNA immunoprecipitation

methods (She et al., 2017), likely as a result of the higher accu-

racy for low-affinity interactions, and the unbiasedness to

cellular transcript abundance.

From DNA to RNA to protein
Not only double-stranded DNA (dsDNA), but also single-

stranded DNA (ssDNA), RNA, and proteins are highly relevant

substrates for study and so these have been created in

sequencing flow cells out of cluster DNA. After removal of the

sequencing product, ssDNA is directly available for experimen-

tation and even ssDNA with base modifications has been pro-

duced (Wu et al., 2022). dsDNA can be obtained by primer exten-

sion using DNA polymerase (Nutiu et al., 2011). This resynthesis

of dsDNA is necessary since the dsDNA formed in the

sequencing process is structurally different due to the remnants

of fluorophore attachment (Bentley et al., 2008).
Molecular Cell 82, May 19, 2022 1791



Box 2. Current approaches for single-molecule multiplexed sequence analysis

Although with limited throughput compared with next-generation sequencing methods, single-molecule experiments have been

performed to study effects of sequence. Serial approaches, performing separate experiments for each sequence or condition,

can be implemented by automation. Microfluidics were used to create different chemical environments in a reaction chamber

to study RNA polymerization, varying, for example, salt and protein concentration (Kim et al., 2011). Such an automated reaction

chamber could also be used to study DNA sequences one by one; however, for such serial approaches, throughput is limited by

measurement time and costs, as each sequence in the library must be acquired separately. Studying 100,000 distinct oligos would

cost roughly a million euros and would take months of measurement time. To increase throughput, parallelization is thus essential.

In one parallel approach a binding assay is performed on a single, long DNAmolecule. By determining the location of binding within

the DNA molecule, the bound sequence can be derived, thus allowing many sequences to be investigated simultaneously. In a

magnetic tweezers study all 256 4-mers of DNA were combined into a 200-bp hairpin sequence, resulting in binding measure-

ments with a high sequence resolution (�2 bp), but still at relatively low throughput (256 sequences) (Ding et al., 2012; Manosas

et al., 2017). Similarly, fluorescence-based DNA curtain assays, which stretch DNA over a surface, were used to study binding to

large, genomic libraries. However, this method achieved lower sequence resolution (�230 bp) (Collins et al., 2014; Lee et al., 2012).

In theory, a similar methodology may be applied at high resolution and throughput using nanopores by sequencing a long DNA

molecule while simultaneously detecting the location of bound molecules that hinder translocation (Derrington et al., 2015; Horn-

blower et al., 2007; Laszlo et al., 2016).

Another approach utilizes the parallel imaging capabilities of single-molecule techniques. After surface immobilization of a DNA

library the sequence of each molecule is probed with techniques such as DNA PAINT or DNA barcoding (Andrews et al., 2022;

Kim et al., 2021; Makasheva et al., 2021; Severins et al., 2018). The throughput of parallel imaging has been improved by auto-

mated scanning and expanded imaging areas, advancements that have also been the basis of next-generation sequencing. How-

ever, the number of fluorescently labeled probes that can be distinguished based on color, FRET, and/or binding dynamics is

limited, on the order of 10–100.

Overall, these multiplex approaches impose restrictions on library design, on the specific single-molecule technique used, i.e.,

fluorescence or force spectroscopy, and/or on application to single-stranded DNA, RNA, and proteins. Still, the idea of experi-

menting on an immobilized library and determining the sequence of each molecule forms the basis for achieving high-throughput

single-molecule measurements combined with next-generation sequencing.
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RNA has been synthesized from either ssDNA or dsDNA. In the

latter case, which has been used most frequently, the RNA is

formed by regular transcription. The process is initiated at a tran-

scription start sequence and ends at a roadblock on the dsDNA,

where the roadblock ensures a stable connection between the

DNA and the polymerase with the synthesized RNA (Buenrostro

et al., 2014; Ozer et al., 2015; Tome et al., 2014). Two different

roadblocks have been applied: streptavidin attached to the

end of the DNA, and the Tus protein bound to its target DNA

sequence. To ensure that only a single RNA strand is synthesized

per DNA molecule, and thus a consistent amount of RNA is pre-

sent per cluster, the RNA polymerase can be temporarily stalled

after transcription initiation to remove unbound polymerase

(Buenrostro et al., 2014). In the approach that uses ssDNA as a

basis, the natively present surface primers are modified with

RNA nucleotides and are then extended using a primer-depen-

dent RNA polymerase (Svensen et al., 2016). Subsequent DNA

degradation leaves exclusively RNA molecules, preventing po-

tential interference in the biophysical assay by DNA and poly-

merase.

Translation of RNA into peptides and proteins has been per-

formed using bacterial ribosomes (Layton et al., 2019; Svensen

et al., 2016). To this end, a ribosome-binding site combined

with a translation initiation enhancer was incorporated into the

RNA sequence. Immobilizing the synthesized protein was

achieved either by stalling the ribosome at the end of the RNA

transcript (Layton et al., 2019), or by connecting the protein to

the RNA through hybridization of a puromycin-labeled DNA oligo
1792 Molecular Cell 82, May 19, 2022
(Svensen et al., 2016). In the latter case the puromycin is incor-

porated into the nascent peptide chain, terminating translation

and leaving the peptide-DNA oligo hybridized to the RNA.

Because of the fragility of RNA and proteins, synthesizing these

biomolecules ‘‘just-in-time’’ for experimentation reduces the ef-

fects of degradation with respect to pre-synthesized molecules.

In summary, the conversion of DNA clusters into RNA and pro-

teins allows the study of a wide variety of sequence-defined bio-

molecules.
TOWARD THE SINGLE-MOLECULE LEVEL

Compared with ensemble measurements, single-molecule

experiments enable direct observation of more than two confor-

mational states and allow detection of heterogeneities within

populations and in time (Deniz et al., 2008; Hill et al., 2017;

Moerner and Fromm, 2003; Riveline, 2013). They have been

used to reveal, in great detail, the reaction mechanisms of

sequence-defined processes that involveDNA,RNA, or proteins.

Contradictorily, the influence of sequence has only been studied

to a limited extend (see Box 2), despite its importance for molec-

ular function. The primary reason is the lack of an efficient way to

perform single-molecule experiments on large libraries of se-

quences. A microarray for single-molecule experimentation has

yet to be developed. The recent combination of next-generation

sequencing techniques and ensemble biophysical assays, how-

ever, paves the way for studying sequence-dependent pro-

cesses with high throughput at the single-molecule level. For



Figure 2. Approaches for single-molecule experiments covering sequence space using next-generation sequencing
Single-molecule experiments can be performed on the individual DNA molecules that are present before amplification and sequencing. In this approach the
ssDNA library is manually immobilized on the flow cell surface. Second, strand synthesis is used to obtain dsDNA and the fluorescently labeled ligand is added in
solution to perform the biophysical assay. After amplification and sequencing, single-molecule experiments can be performed on the cluster level by introducing
the ligand in solution at a low concentration, so that each cluster has only a single fluorescent molecule bound at a time. The absence of an amplification step in
‘‘single-molecule sequencing’’ allows single-molecule experiments to be performed both before and after sequencing. In both cases, a circular DNA construct is
made by ligating hairpins to a dsDNA library and, subsequently, the DNA is attached to the surface with a polymerase as an intermediate. The immobilized
DNA can then be used directly for single-molecule experiments, followed by sequencing. The other option is to first determine the sequence and then perform a
single-molecule experiment on the formed circular dsDNA. However, during sequencing, polymerases on different molecules will move at different speeds. To
synchronize them afterward and to prevent potential blockage of important sites, a sequence-specific roadblock can be applied that stops the polymerases at a
specific position. In addition, the ssDNA that is produced during rolling circle amplification can be degraded to prevent any influence on the experiment.
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such studies an approach using a separate imaging system will

be advantageous, as the sensitivity of sequencer optics will likely

not be sufficient for single-molecule imaging. Next, we will

explore several approaches to achieve this goal.

Single-molecule experiments using amplified DNA
One approach to achieve single-molecule measurements in

sequence space is closely related to the ensemble experiments

described above. It uses the same clonally amplified DNA clus-

ters, but with a lower concentration of the binding partner in so-

lution, so that within a cluster binding occurs with only a single

molecule at a time (Figure 2). The advantage of this approach is

a complete separation of the sequencing process and the sin-

gle-molecule experiment. This allows, for example, recycling

of flow cells that were sequenced for other purposes. Further-

more, established methods can be used for converting cluster

DNA into RNA and proteins (see above). However, single-mole-

cule imaging of clusters requires complete removal of residual

fluorescence after sequencing, to achieve a sufficiently low

background signal. Additionally, the high density of surface

DNA could influence measured dynamics. For instance, suc-

cessive binding events to multiple DNA strands within the

same cluster would be detected as a single event, thereby

lowering the measured dissociation rate. A solution could be

to label a small number of DNA molecules per cluster and to
distinguish binding events using Förster resonance energy

transfer (FRET).

Single-molecule experiments before clonal
amplification
Alternatively, single-molecule experiments can be performed

before clonal amplification and sequencing (Figure 2). This re-

quires the amplification step to be surface based, in order to

maintain sequence location. Suitable sequencing platforms are

Illumina sequencing using solid-phase bridge amplification and

Thermo Fishers’ SOLiD Wildfire that uses template walking. In

both cases individual molecules are immobilized on the surface

and then amplified, forming a cluster around the initial binding

site. Platforms performing amplification in solution (DNA nano-

ball [BGI]) or on beads using emulsion PCR (454 (Roche), SOLiD

(Thermo Fisher), GeneReader (Qiagen), Ion Torrent (Thermo

Fisher)), and subsequently perform surface immobilization are

thus not suitable (Goodwin et al., 2016).

Before amplification the surface-bound molecules are well

separated, analogous to conventional single-molecule experi-

ments. For colocalization or FRET measurements, the DNA

library can be labeled either covalently before library immobiliza-

tion, e.g., by click chemistry, or afterward by hybridization of

fluorescently labeled oligos or by incorporation of fluorescent

nucleotides. Since the immobilization step is normally executed
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Table 1. Overview of studies performing biophysical assays on next-generation sequencing chips

Molecular

species on

surface

Molecular species

in solution

Method

acronyma Library generation

Sequencing

instrumentation

Assay

instrumentation

Measured

parametersb

Throughput

(unique

sequences)

Nucleotide

variation Group Reference

dsDNA protein:

Gcn4p

HiTS-FLIP degenerate oligo

synthesis

Illumina GA Illumina GA Kd 108 randomization Burge Nutiu et al., 2011

dsDNA ribonucleoprotein

complex: gRNA,

dCas9

HiTS-FLIP doped oligo

synthesis

Illumina GAIIx modified

Illumina

GAIIx

kon, koff 105 mutations Greenleaf Boyle et al., 2017

dsDNA ribonucleoprotein

complex: gRNA,

cascade, Cas3

CHAMP degenerate and

doped oligo

synthesis

custom oligo pool

genomic

fragmentation and

exome enrichment

Illumina MiSeq TIRF

microscope

Kd 107 randomization,

mutations,

exome-enriched

human genomic

DNA

Finkelstein Jung et al., 2017

dsDNA protein:

EcoRI, Bpu10I, AgeI,

NmeAIII, MluI, BglI

ribonucleoprotein

complex: SpCas9,

VeCas9, BvCas12a,

dCas9

DocMF degenerate oligo

synthesis

BGISEQ-500 BGISEQ-500 relative

intensity

change for

binding and

cleavage

108 randomization BGI Li et al., 2020

dsDNA ribonucleoprotein

complex: SpCas9,

AsCas12a

CHAMP,

Nuclea-seq

custom oligo pool Illumina MiSeq TIRF

microscope

Kd, kcat 104 randomization,

mutations,

insertions,

deletions

Finkelstein Jones et al., 2021

ssDNA cell: human ALL,

AML and TNBC

cell lines

– degenerate oligo

synthesis

Illumina NextSeq

500

custom phase

contrast and

fluorescence

microscope

cell-bound

fraction of

clusters

108 randomization Bachelet Mamet et al.,

2019

ssDNA:

base-modified

aptamers

protein: VEGF, fetuin,

asialofetuin, insulin

N2A2 custom oligo pool adapted Illumina

MiSeq

adapted

Illumina

MiSeq

relative

intensity for

binding

106 randomization,

mutations

Soh Wu et al., 2022

ssDNA DNA: TtAgo guides

deoxyribonucleoprotein

complex: TtAgo,

TtAgoD478A,D546A

HiTS-FLIP custom oligo pool Illumina MiSeq custom

fluorescence

microscope

Kd, kon, kcat 103 mutations,

insertions,

deletions

Zamore and

Greenleaf

Ober-Reynolds

et al., 2022

RNA protein: MS2 RNA-MaP doped oligo

synthesis

Illumina GAIIx modified

Illumina

GAIIx

Kd, koff 105 mutations Greenleaf Buenrostro

et al., 2014

RNA proteins: GFP, NELF-E HiTS-RAP error-prone PCR Illumina GAIIx Illumina GAIIx Kd 104 mutations Lis Tome et al.,

2014; Ozer

et al., 2015

(Continued on next page)
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Table 1. Continued

Molecular

species on

surface

Molecular species

in solution

Method

acronyma Library generation

Sequencing

instrumentation

Assay

instrumentation

Measured

parametersb

Throughput

(unique

sequences)

Nucleotide

variation Group Reference

RNA protein: Vts1 TGA genome

fragmentation

Illumina MiSeq custom

fluorescence

microscope

Kd 107 transcribed

genomic DNA

Greenleaf She et al., 2017

RNA: tectoRNA RNA: tectoRNA

(9, 10, 11 bp length)

RNA-MaP custom oligo pool Illumina MiSeq custom

fluorescence

microscope

Kd, koff 103 mismatches,

bulges

Greenleaf and

Herschlag Denny et al., 2018

RNA protein: PUM1, PUM2,

mutant PUM1

RNA-MaP custom oligo pool Illumina MiSeq custom

fluorescence

microscope

Kd 104 mutations,

insertions,

flanking

sequence

vatiation

Herschlag and

Greenleaf

Jarmoskaite

et al., 2019

RNA: tectoRNA RNA: tectoRNA

(9, 10, 11 bp length)

RNA-MaP custom oligo pool Illumina MiSeq custom

fluorescence

microscope

Kd 103 mutations,

insertions,

deletions

Das, Greenleaf,

and Herschlag

Yesselman

et al., 2019

RNA: riboswitch

with double

aptamer

protein: MS2

small molecule: FMN,

theophylline,

tryptophan

RNA: miR-208a

RNA-MaP custom oligo pool Illumina MiSeq custom

fluorescence

microscope

Kd 103 automatically

designed

sequences

Das Wu et al., 2019

RNA: let-7,

miR-21

ribonucleoprotein

complex: RISC

RNA-MaP,

RISC-CNS

custom oligo pool Illumina MiSeq custom

fluorescence

microscope

Kd, kon, kcat 104 mutations,

insertions,

deletions,

predicted

targets

Greenleaf and

Zamore

Becker et al.,

2019b

RNA protein: PUM1, PUM2 RNA-MaP custom oligo pool Illumina MiSeq custom

fluorescence

microscope

Kd 103 mutations,

insertions,

deletions,

mismatches,

bulges

Herschlag Becker et al.,

2019a

RNA: glmS

ribozyme

small molecule:

GlcN6P

RNA-MaP doped oligo

synthesis

Illumina MiSeq custom

fluorescence

microscope

kcat, KM 104 mutations Greenleaf and

Block

Andreasson

et al., 2020

RNA: tectoRNA RNA: tectoRNA

(GAAA and GUAA

tetraloop receptors)

RNA-MaP custom oligo pool Illumina MiSeq custom

fluorescence

microscope

Kd 104 mutations,

insertions,

bulges

Herschlag Bonilla et al.,

2021

RNA: riboswitch

with double

aptamer

small molecule:

FMN, theophylline,

L-tryptophan

protein: MS2

RNA-MaP custom oligo pool Illumina MiSeq custom

fluorescence

microscope

Kd 104 community

suggested

sequences

Das and

Greenleaf

Andreasson

et al., 2022
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inside the sequencer, the sequencing recipe will need modifi-

cation.

Similar to assays on the cluster level, a wide range of

sequence-defined polymers can be obtained. ssDNA is gener-

ally immobilized by hybridization to the surface primers. dsDNA

can then be created by primer extension, RNA by transcription,

and proteins by translation. In addition, RNA can be hybridized

directly for experimentation and can then be reverse transcribed

for sequencing. In all cases the end product should be

sequenceable DNA, which could require removal of stalled poly-

merases or ribosomes. The advantages of single-molecule mea-

surements before amplification are the similarity to conventional

single-molecule experiments and the absence of residual back-

ground from fluorescent sequencing nucleotides. Still, flow cell

compatibility with single-molecule-binding assays is required,

for example, regarding surface passivation and other sources

of background fluorescence.

Single-molecule experiments with single-molecule
sequencing
A third approach builds on fluorescence-based single-molecule

real-time sequencing (SMRT sequencing by PacBio). SMRT

sequencing is performed directly on immobilized DNA mole-

cules. The absence of amplification allows performing biophys-

ical experiments both before and after sequencing (Figure 2).

The substrate normally consists of two DNA strands joined

with two loop adapters, but construction of circular ssDNA

should be possible as well. The DNA is bound to a polymerase,

which is immobilized to the surface (Eid et al., 2009). There, the

DNA can be used for single-molecule experiments, both before

and after sequencing. Conversion to RNA and proteins will

be simplest after sequencing, thereby avoiding any interference

from polymerases and ribosomes. With a current maximum of 8

million DNA molecules (Pacific Biosciences), the throughput,

although enough for many experiments, is three orders of

magnitude lower than for Illumina sequencing (up to 20 billion) (Il-

lumina). However, an advantage is that sequencing and single-

moleculemeasurements could be performed in the same device,

eliminating the need to align sequencing and single-molecule

datasets.

Challenges
The immense throughput, although the greatest benefit, may at

the same time provide the biggest challenge. The theoretical limit

of sequencing throughput is currently set at 20 billion (Illumina

NovaSeq [Illumina]), and ensemble experiments have gone up

to �400 million (Nutiu et al., 2011). However, in practice, it will

be a challenge to reach this throughput for single-molecule ex-

periments. Contrary to ensemble experiments that yield strong

and stable signals, single-molecule experiments produce weak

signals that are prone to effects such as photobleaching, molec-

ular defects, and background signal, thus requiring a higher

number of replicates. Moreover, where a single image suffices

for ensemble experiments, single-molecule experiments are

typically based on time series, thus increasing experiment dura-

tion. Additionally, to detect the weak signal, high numerical aper-

ture objectives are often required. The highmagnification of such

objectives limits the field of view and thus increases imaging time



Table 2. Overview of molecular interactions assayed in sequence space

Surface ssDNA dsDNA RNA Protein

Solution

ssDNA Ober-Reynolds

et al., 2022

– – -

dsDNA – – – –

RNA – – Bonilla et al., 2021; Denny and Greenleaf,

2019; Wu et al., 2019; Yesselman

et al., 2019

–

Protein Ober-Reynolds

et al., 2022; Wu et al., 2022

Boyle et al., 2017;

Jung et al., 2017;

Nutiu et al., 2011

Andreasson et al., 2022; Becker et al.,

2019a, 2019b; Buenrostro et al., 2014;

Jarmoskaite et al., 2019; She et al., 2017;

Svensen et al., 2016; Tome et al., 2014;

Wu 2019

Layton et al., 2019;

Svensen et al., 2016

Small molecule – – Andreasson et al., 2022, 2020; Svensen

et al., 2016; Wu et al., 2019

Layton et al., 2019

Cell Mamet et al., 2019 – – –

‘‘–’’ indicates that we are not aware of studies addressing this combination of interactions.
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further. To compensate, microscopes with larger field numbers

and camera sensors can be used, having a larger field of view.

While previously only electron-multiplying charge-coupled de-

vice (EMCCD) cameras were sensitive enough for single-mole-

cule imaging, scientific complementary metal-oxide-semicon-

ductor (sCMOS) cameras have caught up, and they allow

about 25 times larger field of views. A MiSeq flow cell

(�16 mm2) can then be scanned in approximately 250 images.

Imaging for a duration of 1 min at every position will take a total

of 5 h. As a comparison, determining equilibrium constants in

bulk, at the cluster level, will also take 5 h or more, as this

commonly requires measurements at multiple concentrations

(�5–10), each needing an equilibration time, which is often 1 h

(when koff > 103 s�1, e.g., with Kd > 1 nM with kon = 106 s�1

M�1; Jarmoskaite et al., 2020).

Another challenge is the compatibility of single-molecule ex-

periments with commercial sequencing platforms, for example,

regarding optical properties of the flow cell, surface passivation,

and sequencing chemistry. Additionally, the often-proprietary

composition of the flow cell will make it difficult to pinpoint the

origin of compatibility issues. Close collaboration with the com-

panies providing sequencing technology may be required to

solve these issues. As an alternative, custom sequencing ap-

proaches could provide a high level of customizability and

ensured compatibility, but the time investment and the likely

lower quality make this a less attractive option.

Further difficulty occurs for measurement of irreversible reac-

tions. While in this case ensemble measurements can image

before and after the reaction, single-molecule measurements

attain their value from direct observation of the event. The limited

number of molecules that can be imaged simultaneously thus

makes it difficult to measure irreversible events with high

throughput.

Finally, automation of both the data acquisition and analysis

are essential. Automation of time series analysis will be more

difficult than analysis of static ensemble measurements, but

classic hidden-Markov modeling and recently published ma-
chine learning techniques (Lannoy et al., 2021; White et al.,

2020) could be applied to do the trick.

APPLICATIONS

Ensemble biophysical experiments on sequencing chips have

been applied to study a wide variety of molecular mechanisms

(Table 1). The focus has been mainly on protein-nucleic acid

interactions with varying nucleic acid sequence (Table 2). Exam-

ples include transcription factors (Nutiu et al., 2011), post-tran-

scriptional regulators (Jarmoskaite et al., 2019; She et al.,

2017), protein aptamers (Tome et al., 2014; Svensen et al.,

2016; Wu et al., 2022), bacteriophage coat proteins (Buenrostro

et al., 2014), and nucleoprotein complexes formed by clustered

regularly interspaced palindromic repeats (CRISPR)-associated

proteins (Boyle et al., 2017; Jones et al., 2021; Jung et al.,

2017) and Argonaute proteins (Becker et al., 2019b; Ober-Rey-

nolds et al., 2022). Additionally, RNA structure predictors have

been experimentally tested by examining RNA-protein binding

(Becker et al., 2019a). However, other biomolecule combinations

have been of interest as well. More fundamentally, the depen-

dence of RNA structure on sequence was studied by examining

RNA-RNA interactions of tectoRNA (Bonilla et al., 2021; Denny

et al., 2018; Yesselman et al., 2019). RNA interactions with small

molecules were also examined: ribozyme self-cleavage under

the influence of a metabolite (Andreasson et al., 2020) and

spinach aptamer binding a fluorophore (Svensen et al., 2016).

In addition, riboswitches designed automatically or through

crowdsourcing have been investigated for their protein-binding

response in the presence or absence of RNA and small molecule

ligands (Andreasson et al., 2022; Wu et al., 2019). Furthermore,

the effect of variations in protein sequence has been studied

for protein tags and their interaction with protein or small-mole-

cule-binding partners (Layton et al., 2019; Svensen et al., 2016).

Finally, apoptosis of tumor cells has been measured upon their

interactions with DNA clusters on a sequencing flow cell (Mamet

et al., 2019). To highlight the possibilities of systematically
Molecular Cell 82, May 19, 2022 1797
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FE

Figure 3. Energy landscape over single DNA mutations reveals structural interaction and is used for model fitting
(A and B) (A) Scheme of the interaction between a ribonucleoprotein complex and DNA. The Cascade protein complex consists of (among others) six repeats of
the Cas7 subunit that bind to the guide RNA. Binding of the DNA target involves unwinding the dsDNA (black) and hybridization of one DNA strand to the RNA
(red), thereby forming an R-loop. The flipped-out bases and less-disrupting, steric clashes are shown in the schematic and the structure (B).
(C) Energy landscape for single-nucleotide variations with respect to a DNA sequence matching the RNA guide. Error bars, standard deviation obtained from
bootstrapping.
(D) Comparison of the constructed model with the measurement. For construction two different DNA libraries (blue and red) were used.
(E and F) The model consist of assigning penalties based on mutation position (E) and change of base identity (F).
ABA, apparent binding affinity.
Figure adapted from Jung et al. (2017).
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addressing sequence space in biopolymers and the potential of

single-molecule assays, here, we will discuss the type of results

that have been extracted from such measurements, illustrated

with relevant examples.
A B

D

Figure 4. Epistasis analysis on RNA double-mutant energy landscape
interaction
(A) Structure of the RNA hairpin target (left) and experimental scheme (right) wher
RNA is labeled by hybridizing a DNA oligo with fluorophore (yellow).
(B) Double-mutant energy landscape displaying the free energy change with res
(C) Epistasis matrix. Base combinations showing high epistasis indicate base pa
(D) Fitting a model based on base transversions and transitions and disrupted, a
primary (left) or to secondary structure (right). Contributions are shown onto the
(E) Model comparison to measurement.
Figure adapted from Buenrostro et al. (2014).
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Energy landscape and consensus sequence
While the full energy landscape specifies the reaction energies

or reaction rates for the complete set of possible sequences,

the biophysical experiments described here provide a large
C

E

for protein binding uncovers RNA structure and its influence on

e a fluorescently labeled protein MS2 (green) binds to its RNA target (red). The

pect to canonical binding.
iring and allow reconstruction of the hairpin structure.
nd non-canonical base pairing allows attributing free energy changes to either
hairpin structure.
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Figure 5. Protein sequence variation shows diverse mutational tolerances and exposes structural features affecting function
(A) Experimental scheme where the surface attached SNAP-tag labels itself by transferring a fluorescent label from its substrate to itself.
(B) Selected 7 amino acids that are varied (red) and the small molecule substrate (green) projected on the protein structure.
(C) Protein structure highlighting the importance of leucine 153 in the hinge region between two domains.
(D) Double-mutant energy landscape showing the observed labeling rate for all 20-amino-acid substitutions at each of the seven varied positions.
(E) Epistasis plot showing each mutational variant. Residues with high synergy are indicated in yellow.
Figure adapted from Layton et al. (2019).
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but still limited view on that landscape as they sample only a

subset of sequence space. The questions that can be

answered through these experiments thus highly depend on

the chosen subset, which is the sequence library. Consensus

sequences and deviations thereof (e.g., off-target interactions)

have been determined using highly random libraries. These

are constructed either by fully randomizing a selection of nucle-

otides in synthetic DNA or by using a genomic or transcrip-

tomic source, which naturally has a large variety. In this way,

previously determined binding motifs were confirmed and often

extended (Jung et al., 2017; Nutiu et al., 2011; She et al., 2017).

In the case of the well-studied post-transcription regulator

Vts1, the number of known binding targets was doubled, and

the binding motif was expanded from 5 to 11 nucleotides

(She et al., 2017). In addition, deviations from the consensus

have proved interesting for study. Interactions with lower

affinities at sequences outside the motif were shown to have

functionally significant effects (Nutiu et al., 2011). Also, when

applied to different positions in the sequence, similar alter-

ations (e.g., insertions or deletions) could have varying effects

(Jarmoskaite et al., 2019; Yesselman et al., 2019).

Structure and function
To understand the reaction mechanics, further analysis is

needed to determine how sequence, through structure, is related

to function. As many structural features span beyond the short
motifs that can be determined by full randomization, often

focused libraries are used that contain single, double or higher

order base changes with respect to a known, functional

sequence. These mutational libraries can easily be obtained by

error-prone PCR or doped oligo synthesis. Assessing the influ-

ence of individual bases and combinations of bases can reveal

structural features and their role in attaining function.

Single mutations examine the effects of primary structure

on function, for example, as a result of the base or base

pair’s physical size and flexibility. A mutation having no effect

points to a lack of structural connection, while a large effect

may indicate strong interaction. An example is a study of

the CRISPR-Cas protein complex, which can be programmed

to target a specific dsDNA sequence through association with

a complementary guide RNA (Figure 3A; Jung et al., 2017).

In the binding process, the dsDNA opens and one of the

strands pairs with the guide RNA. By obtaining the binding

landscape for single mutations in the dsDNA sequence (Fig-

ure 3C), the interacting base pairs in the DNA-RNA duplex

were determined. This confirmed previously discovered flip-

ped-out DNA bases that did not interact with the RNA and

thus caused no or small mismatch penalties. Moreover, an

additional but less prominent periodicity in affinity was discov-

ered in between the flipped-out bases, which could be attrib-

uted to steric clashes with the repeating protein subunits

(Figures 4A, 4B, and 4E).
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Figure 6. A model of RNA-RNA interaction from structures of individual base pairs is verified by a biophysical assay in sequence space
(A) Experimental scheme showing the interaction between two tectoRNA molecules, each having a tetraloop and a tetraloop receptor.
(B) Modeling of RNA tertiary structure byMonte-Carlo simulations based on known structural variants of each base pair (from crystallography). If, starting from the
red connection, the blue and purple regions are within a distance threshold, the structure is considered bound; a distance larger than the threshold is considered
unbound. From the ratio of bound and unbound outcomes the free energy change upon binding was calculated (DGconf).
(C) 3D helix trajectories produced by Monte-Carlo simulations for a specific sequence. The plot shows 150 bound (light gray) and 250 unbound trajectories
(dark gray).
(D) Comparison of predicted and observed affinities.
Figure adapted from Yesselman et al. (2019).
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In addition to interactionswith primary structure, secondary and

tertiary structural features can be derived from measurements of

double or higher order mutations by examining epistasis using

double-mutantcycles (Horovitz, 1996;Paganoetal., 2021). Ingen-

eral, epistasis between two residues indicates structural collabo-

ration, e.g., interaction (Horovitz, 1996; Pagano et al., 2021). For

high epistasis, the effect of a double mutation is different from

the summed effect of individual mutations. While dsDNA consis-

tently forms a double helix by Watson-Crick base pairing, RNA

and proteins show amuchwider diversity of structures for varying

sequences,making themespecially interesting for such study. For

RNA, reciprocal sign epistasis (Kogenaru et al., 2009; Phillips,

2008)—one mutation compensating the effect of the other—can,

for example, indicate base pairing. Local base pairing indicates

that secondary structure is important for function, while distant

base pairing may indicate tertiary structure. If two unpaired bases

showsynergistic (positive) or antagonistic (negative) epistasis (Ko-

genaru et al., 2009; Phillips, 2008), thismay indicate other forms of

connection. For example, ifmutation inonebase limits the function

of another base, then the effect ofmutating both baseswill be less

than expected from individual contributions, i.e., antagonistic

epistasis (Jarmoskaite et al., 2019; Jung et al., 2017). Such sec-

ond-order interactions are shown clearly for the coat protein of

bacteriophage MS2, binding to its RNA hairpin target (Figure 4A;
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Buenrostro et al., 2014). The epistasis matrix (Figure 4C), calcu-

lated from the double-mutation energy landscape (Figure 4B),

shows all base-pairing interactions within the hairpin and can

hencebeused fordenovo reconstructionof its structure. The con-

tributions of RNA secondary structure can then be separated from

interactions with protein structure (Figures 4D and 4E). Rate mea-

surements gave additional mechanical insight: at the base of the

hairpin, the association rate, but not thedissociation rate, changed

uponmutation, leading to the hypothesis that competing second-

ary structuresmaybe thecauseof reducedproteinbinding.Similar

methodology has been applied to more complex structures con-

tainingmultiple stem loops, junctions, and even pseudoknots (An-

dreassonetal., 2020;Dennyetal., 2018; Tomeetal., 2014;Yessel-

man et al., 2019), and also to multistep reactions, where the

importance of sequence regions for individual steps could be

determined (Andreasson et al., 2020).

While protein structure is more complex than RNA, mutational

and epistatic analysis can still reveal structural features. The

larger size of the amino-acid alphabet compared with the nucleic

acid alphabet (20 versus 4) demands careful selection of the po-

sitions and amino acid identities that are varied in the library. For

SNAP-tag, a 181 amino-acid protein that covalently labels itself

by transferring a benzyl group from its small molecule substrate,

all 20 amino acids were varied for seven residues that were
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previously shown to partially impair function (Figures 5A and 5B;

Layton et al., 2019). The energy landscape (Figure 5D) showed a

broad range of mutational tolerance, from alanine 121 that al-

lowed all mutations, to leucine 153 that only excludes proline

mutations, to tyrosine 114 that loses function upon any substitu-

tion. These results highlight structurally important features, such

as the hydrogen bond formed at position 114 and the flexibility of

the hinge at position 153 (Figure 5C). Epistasis analysis uncov-

ered synergy for residues that were physically located in close

proximity (within 13 Å), indicating direct interaction (Figure 5E).

Furthermore, many of the highly synergetic interactions con-

tained a substitution to histidine, leading to the hypothesis that

histidine acts as a multi-functional amino acid.

Finally, designed libraries, synthesized in custom oligo pools,

allowstudyingawider variety of sequences, for example,multiple

consensus sequences, insertions, deletions, and also sequence

context (Andreasson et al., 2020; Jarmoskaite et al., 2019). Such

context, i.e., the sequenceflanking theconsensus sequence, can

have a strong influence on function, for example, when it intro-

duces additional structures (Jarmoskaite et al., 2019).

Quantitative models and predictions
Our ability to construct accurate quantitative models demon-

strates our true understanding of the molecular mechanisms

behind sequence specificity. Building de novo models, based

solely on sequence and molecular structure, may be the ultimate

goal. An example approaching this goal is a model for RNA ter-

tiary structure that randomly combines all structural variants of

each base pair through a Monte-Carlo simulation (Figures 6B

and 6C; Yesselman et al., 2019). This model was used to predict

interactions between two tectoRNA molecules with varying se-

quences (Figure 6A). From the predicted structures the distance

between the binding sites of the two RNA molecules could be

calculated. By setting a distance threshold for binding, the frac-

tion of bound structures and the corresponding binding energy

were derived. Comparison of the model’s predictions with mea-

surements in a high-throughput binding assay resulted in a high

correspondence (Figure 6D).

For more complex systems, such de novo modeling may not

be possible due to limited computational capacity. However,

fitting a simplified model to the data can still provide valuable

predictions. An example is the model for the CRISPR-Cas-bind-

ing experiment discussed earlier (Figure 3). By fitting varying

penalties for mutation position and identity (Figures 3E and 3F,

respectively), an accurate prediction could be obtained

(Figure 3D; Jung et al., 2017), which was extended in follow-up

studies (Eslami-Mossallam et al., 2022). For the hairpin binding,

the MS2 coat protein, fitting a model with parameters for base

transversions, base transitions, loss of base pairing, and non-ca-

nonical base pairing yielded good results (Figure 4E). Using this

model primary and secondary structural contributions could be

separated, yielding additional insight into their importance

(Figure 4D).

High-throughput biophysical data are thus essential for model

construction, either for fitting their parameters or for verifying

their accuracy. The step toward single-molecule experiments

will give us a clearer picture of the various reaction states, the

heterogeneities in structure and dynamics within populations
and in time, and their effects on function. In turn, this allows veri-

fication of more complex models, leading to predictions with

higher accuracy. Ultimately, these models will be applied in vivo,

aiding in phenotypical predictions based on sequence. Addition-

ally, they will enable engineering of biomolecules, which can be

useful, for instance, for the development of new aptamers or for

reducing off-target interactions.

SUMMARY AND OUTLOOK

Combining next-generation sequencing technologies and mo-

lecular biophysics enabled the investigation of sequence-spe-

cific interactions with high throughput. Constructing energy

landscapes in sequence space has given insight into the rela-

tionship between sequence, structure, and function, leading to

discoveries of new functionality and biological mechanisms.

Taking this approach to the single-molecule level, using fluores-

cence, FRET, or even force spectroscopy will give an unprece-

dented view on structural dynamics.

Despite the extent of current studies, there is still much terri-

tory to be explored, both at the ensemble and single-molecule

levels. In addition to characterizing new systems, the canvas of

the technique itself can be expanded. For example, studying

the sequence of both ligand and substrate by connecting them

both to the surface could give additional insight into their mutual

sequence dependence.

Another aspect that could be expanded upon is the resem-

blance to biological environments. This can be done by ap-

proaching environmental conditions, for example, by introducing

crowding agents, using cell extracts or providing co-factors and

protein folding scaffolds. In addition, the similarity of the mole-

cules themselves can be improved by incorporating the variety

of chemical modifications that occur in the cell. These modifica-

tions can have a large influence on the structure and function.

DNA methylation, for example, has a large influence on gene

expression. Biophysical assays could be performed on a library

with varying methylation patterns, which could then be

sequenced by converting all non-methylated cytosines to

uracils using bisulfite treatment (Wang et al., 2022). In addition,

the epi-transcriptome could be studied by incorporating various

post-transcriptional RNA modifications (Jonkhout et al., 2017;

Zhao et al., 2017) in a library, together with corresponding se-

quenceable barcodes. Finally, post-translational modification

of proteins such as phosphorylation, methylation, and glycosyl-

ation, can be studied by using specific codons to incorporate un-

natural amino acids with these modifications attached (Beránek

et al., 2018; Matsubara et al., 2013; Ros et al., 2021; Tokuda

et al., 2011). These environmental and molecular additions to

current assays will be highly useful for understanding interac-

tions in a cellular environment.

In addition to their natural counterparts, unnatural sequence-

defined polymers consisting of xeno nuleic acids (XNAs), such

as locked, hexitol, and peptide nucleic acids (LNA, HNA, and

PNA), would be interesting subjects for study (Chaput, 2021;

Schmidt, 2010). The alternate backbone structures can give

high affinity and often make these molecules orthogonal to the

cellular machinery, resulting in high stability (Chaput, 2021).

Furthermore, properties of specific XNA’s, such as the neutrally
Molecular Cell 82, May 19, 2022 1801
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charged backbone of PNA, may enable larger structural and

functional diversity (Brudno et al., 2010). These useful character-

istics have applications in cancer diagnostics (D’Agata et al.,

2017), viral inhibitors (Kesy et al., 2019), and gene silencing ther-

apies (Hagedorn et al., 2018; Liu et al., 2018). Even molecules

with catalytic activity have been created, allowing ligation and

cleavage of DNA and RNA (Taylor et al., 2015). The development

of conversion methods of XNA to and from regular DNA, i.e., en-

gineered XNA polymerases and reverse transcriptases (Chaput,

2021; Pinheiro et al., 2012), may enable the study of sequence

effects in these synthetic molecules with high-throughput bio-

physical assays on sequencing chips. Studying the effects of

sequence may take development of XNAs to the next level.

Next to acquisition of fundamental knowledge, studies of

sequence dependence will also have industrial applications.

The obtained knowledge about molecular mechanisms will

allow better rational molecular design, for example, to develop

efficient biocatalysts for enzymatic production processes (Ha-

uer, 2020). Such design and also direct screening of variant in-

teractions with molecular or cellular targets can be employed in

molecular detection assays, diagnostics, and therapeutics, for

example, by development of specific aptamers and antibodies

(Buglak et al., 2020; Drees and Fischer, 2021; Mamet et al.,

2019; Norman et al., 2020; Wu et al., 2022). The ability to detect

low-affinity interactions may be highly relevant in developing

new therapeutics. Especially for complex diseases, e.g., cancer

or cardiovascular disease, it may be beneficial for drugs to

have multiple low-affinity targets, as opposed to a single

high-affinity target, which can lead to higher efficacy and less

side effects (Hopkins, 2008; Ohlson, 2008; Wang et al., 2017).

Screening for low-affinity drugs has been difficult due to the

usually indirect detection methods of traditional high-

throughput assays (Wang et al., 2017). The direct detection of

weak interactions with biophysical assays on sequencing chips

can alleviate this problem. Here, single-molecule analysis can

provide additional benefits, for example, by utilizing small

amounts of sample and pinpointing drug activity within multi-

state reactions (Hong and Root, 2006; Skinner and

Visscher, 2004).

Overall, we expect that combining biophysical assays and

next-generation sequencing, especially at the single-molecule

level, will bring us one step closer to understanding and applying

the structural and functional information encoded in life’s se-

quences.
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