Annual Review of Analytical Chemistry 2010.3:109-128. Downloaded from www.annualreviews.org
by Fordham University on 12/14/11. For personal use only.

s Further Single-Molecule DNA Analysis

REVIEWS

Click here for quick links to

azru“;'nZ?v'eWS coniEmieni, J. William Efcavitch and John F. Thompson
« Other articles in this volume Helicos BioSciences Corporation, Cambridge, Massachusetts, 02139;

- Top cited articles email: jwefcavitch@helicosbio.com, jthompson@helicosbio.com

- Top downloaded articles
« Our comprehensive search

Annu. Rev. Anal. Chem. 2010. 3:109-28 Key Words

First published online as a Review in Advance on

dynamics, G-quadruplex, Holliday junctions, nanopores, next-generation
February 24, 2010 ym y =] plex, Yy ) ) pores, g

sequencing
The Annual Review of Analytical Chemistry is online
at anchem.annualreviews.org Abstract
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tremely rich area of exploration of the single most important biomolecule in

nature. In cases in which the nucleic acid molecules are tethered to a solid
support, confined to a channel, or simply allowed to diffuse into a detec-
tion volume, novel techniques have been developed to manipulate the DNA
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and to examine properties such as structural dynamics and protein-DNA
interactions. Beyond the analysis of the properties of nucleic acids them-
selves, single-molecule detection has enabled dramatic improvements in the
throughput of DNA sequencing and holds promise for continuing progress.
Both optical and nonoptical detection methods that use surfaces, nanopores,
and zero-mode waveguides have been attempted, and one optically based in-
strument is already commercially available. The breadth of literature related
to single-molecule DNA analysis is vast; this review focuses on a survey of
efforts in molecular dynamics and nucleic acid sequencing.
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1. INTRODUCTION

Before we review single-molecule DNA studies, it is important to determine why single-molecule
studies are necessary, given that, in some cases, they are more complex to carry out than are
ensemble-based studies. Why go to the trouble of examining single molecules when it is generally
so much easier to observe populations? Obviously, a tremendous understanding of many DNA
properties can be gained through examination of bulk or averaged properties, but detailed insight
into many properties and processes simply cannot be attained by looking at an average DNA
molecule behaving in an average fashion. The dynamics of DNA moving from an inactive state
or complex to an active state cannot be examined directly when only a tiny fraction of molecules
are in that state at any given time. DNA achieves its complex structure and function in a highly
regulated and orchestrated manner, with different molecules behaving in very nonaverage ways.
Therefore, itis necessary to look at the variations in DNA behavior that are attainable via individual
molecules to observe how the dynamic functioning of DNA occurs. The very critical area of DNA
dynamics and metastable states can only be inferred from observations of initial and final states.
Only single-molecule studies allow a smooth transition from one state to the other.

In one single-molecule review (1), the authors asked, “When can a single-molecule result be
trusted?” Perhaps an equally legitimate question would be “When can an ensemble-of-molecules
result be trusted?” One answer to both questions is that neither type of result may, on its own
and in all cases, provide a full picture of how DNA performs its normal functions. Many DNA
sequences are involved in intricate functions that simply cannot be described by average properties,
yet the extremes of those behaviors determine how those functions can occur. When both single-
molecule and ensemble behaviors can be understood with respect to one another, the results can
be integrated to show how individual behavior can generate bulk properties.

There are a variety of techniques available for examination of the properties of single molecules
of DNA. However, each of these techniques has its own set of limitations, in terms of throughput,
time resolution, and modifications to DNA properties, that may affect results. These limitations
are incurred in order to visualize the molecule or to keep it physically or temporally separate from
other molecules long enough for reliable detection to be performed. These perturbations must
be carefully examined to ensure that they do not significantly affect the property being measured.
For example, if a DNA molecule is attached to a surface at multiple points, dynamic motion
and many protein interactions may occur very differently because the DNA can no longer freely
rotate or diffuse in solution. Such a restriction may be useful when one is trying to distinguish
different kinetic properties such as one-dimensional diffusion versus hopping from one segment to
another, but one should enter into such limitations knowingly. Attachment to any surface or large
object may have an impact on many properties, as may covalent or noncovalent attachment of dye
molecules that would allow fluorescence detection. Additionally, some single-molecule techniques
not only provide the ability to observe individual molecules but also allow one to manipulate the
molecules by stretching, rotating, or pulling the DNA in different directions with varying levels
of force.

In a typical single-molecule experiment, there is a means to localize the DNA being examined
to a discrete volume so that its properties can be distinguished from all the other molecules in the
sample. Additionally, depending on the time resolution of the experiment or the type of data being
collected, it may be important to keep track of individual molecules and their history. In other
experiments, it is unnecessary to know which molecule is being detected: Only the knowledge that
the signal is from a single molecule is required. Localization to a specific space for examination of
specific molecules is generally performed via attachment to a fixed surface (including beads, glass,
or similar media) or via confinement to a channel with passage through the channel controlled
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Figure 1

Single molecules of DNA. One of the first single-molecule studies of DNA utilized electron microscopy to
visualize individual molecules of double-stranded DNA in the presence of polystyrene beads. When the
DNA was pretreated in various ways, the differences between single- and double-stranded DNA could be
readily observed. Reprinted from Reference 2.

by flow, electrochemical gradients, lasers, or other means. Attachment to a surface or a bead can
be done covalently via specific or nonspecific chemical moieties or via protein-small molecule
interactions; antibody-antigen and biotin-streptavidin interactions are the most common. If the
localization occurs within a living cell, the detected component must be localized to a motion-
restricted compartment or attached to a large structure such as a membrane to avoid diffusion. If
it is not necessary to track individual molecules, they can be left freely diffusing in solution, and
detection of single molecules can be accomplished by keeping molecules at a low enough physical
or temporal density such that only a single molecule is excited and/or detected at a given time.
However, this can only be done if the background signal is low and can be readily distinguished
from the desired signal.

The power of single-molecule DNA studies has been recognized since the early days of DNA
study. The obvious importance of observing single molecules was evidenced by the title of one
of the first efforts in the area: “Visualization of Individual Macromolecules with the Electron
Microscope” (2). In fact, some of the earliest single-molecule studies showing electron micrographs
of DNA next to polystyrene beads (Figure 1) are remarkably similar in appearance to DNA
tethered to beads in contemporary visualizations. Through the ability to see single molecules and
observe (#) how they varied across the whole population and (4) how they responded to treatments
such as denaturation, investigators gained important insights into DNA structure and behavior.
Although our knowledge of DNA has advanced substantially in the intervening half century, the
challenges remain the same: How can we select individual molecules and analyze their behavior
so that we may better understand the structure and dynamics of the entire population, and how
can we predict functional outcomes of any perturbations we may introduce?

The field of single-molecule DNA studies has grown so large that it is no longer possible to
comprehensively review all of it. Therefore, we discuss only a small number of representative
areas of study and use the lessons learned from them as exemplars for other, similar fields of
study. There are many other reviews that cover different aspects of single-molecule DNA studies
that may be referred to for deeper coverage of specific areas. These reviews include those that
address the whole range of technologies, with little discussion of the resultant biology (1, 3), and
more restricted and in-depth reviews that cover technologies allowing simultaneous manipulation
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and viewing of DNA (4) [or only a subset of those technologies (5, 6)]; technologies compatible
with cellular viewing (7); and technologies applied only to gene expression (8), chromatin (9),
or recombination (10). There are also reviews that address particular detection methodologies
(11) without regard to manipulation technologies. Because no single review can cover all these
areas in depth, we discuss certain functions in which DNA plays a role and how those functions
are productively addressed by single-molecule techniques. These areas range from simple con-
formational changes to complex, multicomponent systems; they include G-quadruplexes, DNA
bending and looping, Holliday junctions (HJ), and DNA-replication machinery. Also, we discuss
the application of single-molecule sequencing and the unique benefits derived therefrom. Because
of space constraints, we cite only a small fraction of the available literature, but we note that the
research cited here is, obviously, built on a rich foundation of older work.

2. SINGLE-MOLECULE DNA DYNAMICS
2.1. Folding of G-Quadruplex DNA Structures

G-quadruplexes are a class of structures of high biological interest due to their involvement in
chromosome telomeres, chromosome stability, gene expression, and cancer. They have been ex-
tensively studied via bulk techniques, which have generated a wealth of solution structures that
are providing valuable insight. However, the nature of these structures highlights their dynamic
nature. How stable are they, and what factors may affect their folding? Can their structure and
dynamics be exploited to develop therapeutics for cancer or senescence? These questions cannot
be answered by simply examining static structures; rather, single-molecule techniques are needed.
Forster resonance energy transfer (FRET) studies were among the earliest efforts undertaken to
understand G-quadruplex dynamics in freely diffusing molecules (12). Simple distance measure-
ments and how they changed as a function of cation and competing oligonucleotides allowed the
confirmation of earlier structural findings, but this study design allowed the tracking of individual
molecules only for very short times.

FRET was also used both to determine the number of folding intermediates and to measure
their lifetimes as a function of salt and temperature (13). Later FRET studies further resolved fold-
ing intermediates using a variety of substituted oligonucleotides (14, 15), but movement between
species remained uncertain due to the inability to follow individual molecules over time. More
recent experiments have used surface-attached oligonucleotides so that the lifetime of individual
folded states could be followed as a function of solution conditions and added ligand (16). Surface
plasmon resonance (SPR) was also used to generate distances, although some researchers were
concerned that some transition conditions did not match solution data, suggesting an issue with
surface immobilization (17). The extensibility of longer, surface-immobilized telomere mimics
were studied through use of flow techniques (18). Although technically this was a single-molecule
study, the results were garnered from G-quadruplex structures that were present in multiple
copies on each molecule, making their individual behavior uncertain. Other techniques that have
more recently been applied to the G-quadruplex folding/unfolding equilibrium are nanopores
and atomic force microscopy (AFM) (19, 20). Because the folded structures cannot pass through
the narrow opening, it is possible to determine their stability. AFM has been used to compare
the force required to rupture different G-quadruplex sequences at varying concentrations of salt;
each molecule could be followed for long periods of time. Thus, no single technique has provided
a complete picture of G-quadruplex folding; however, the combination of approaches has added
to the overall picture of the dynamics of the structure, perhaps making these structures more
amenable to therapeutic intervention.
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2.2. Holliday Junctions

Another class of DNA folding, which is at the tertiary level rather than the secondary level, is
that of four-stranded HJ. Such structures naturally occur as intermediates in a variety of DNA-
recombination pathways, but they are frequently studied as synthetic structures with fixed junctions
or only slightly mobile junctions to maintain a stable, consistent structure for study. Although clas-
sically drawn as extended two-dimensional structures, they are typically folded more compactly in
the presence of physiological concentrations of salt. Ensemble studies of such structures have pro-
vided many details about the static properties of HJ but very few data on the key dynamic behavior
of the these structures. The ease with which these molecules can be constructed synthetically,
with a variety of options for placing fluorescent tags and modifications for surface attachment, has
made this area ideal for single-molecule studies.

Single-molecule FRET of oligonucleotides attached to a surface has been used to examine many
aspects of HJ structure and dynamics. Early single-molecule FRET studies examined immobile
junctions and characterized the nature of the folding and dynamics of the different isoforms
(21, 22). Because the DNA was surface attached, individual molecules could be studied for periods
of time that were long relative to the DNA dynamics; hence, structural lifetimes could be followed.
Even more detailed information about overall structure could be generated through use of three-
color FRET, in which multiple, simultaneous distance measurements can be made (23). Good
agreement was found between the ensemble-observed equilibrium ratios and the lifetimes as
observed with single molecules. These studies provided valuable information about the nature of
this specific reaction, although there were caveats of surface attachment and the very short length
of the DNA required by the system. Following these studies, the dynamics of branch migration
in molecules capable of only a single-base pair migration and multiple potential folding pathways
were tested (24). The authors therefore followed the dependence of the dynamics of branch
migration as a function of sequence, and they showed that these dynamics were much faster
than predicted on the basis of ensemble measurements. A similar approach, but with a longer
mobile junction (25), found that the transition between structures was too fast to measure at
low magnesium concentrations, although multiple long-lived structures were detectable at higher
concentrations. Intermediates that moved the junction by only a single base pair were not observed
because transitions over the complete range of homology occurred too rapidly to distinguish.
Through use of numerous immobile junctions and junctions with single-base pair nonhomologies,
additional kinetic insight was achieved (26). Much longer regions of homology and overlap have
been examined via AFM (27), which allows kilobase-scale movements to be monitored over time.
These experiments have the advantage of being in vivo-like in terms of DNA lengths, but there is a
potential drawback of surface or interface interactions needed to immobilize the DNA for viewing
and occur over its extended length. A combination of approaches can yield even finer detail, as
evidenced by the use of optical trapping in combination with FRET (28). Varying amounts of
force applied along different helical orientations has allowed both the stability of different folding
structures and the kinetics of the transition between them to be determined (Figure 2).

2.3. DNA Bending and Looping

The next layer of complexity beyond simple conformational changes is reached when protein
binding and protein-binding energies are added to the mix. DNA bending can be induced by
a range of factors ranging from simple sequence context to bulges to protein binding. These
structural features are critical in that they can facilitate a number of more complex interactions
and functions. DNA has been traditionally viewed as a long, linear molecule, and the concept of
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Figure 2

Conformational changes in Holliday junctions. The subtle changes in alignment of helices in a Holliday
junction can be detected by judicious placement of donor and acceptor dye molecules and observing how
Forster resonance energy transfer changes as a function of the manner in which the molecules are
manipulated (21). Single molecules starting in (#) one conformational state can pass rapidly through (5) an
intermediate state and then into (c) a second stable state. Figure reprinted from Reference 112 with
permission.

sharp bends in the double-helical structure is at odds with this simplistic view. However, the level
of compaction within a cell or nucleus reinforces the necessity of invoking some type of folding.
To determine the extent of DNA bending or compaction, either the change in distance between
two fixed points on a DNA helix or the change in force required to achieve a given distance is
generally measured. However, there are multiple ways of performing such measurements; each
has advantages and disadvantages. For example, DNA compaction by nonspecific DNA-binding
proteins from bacteria has been examined with magnetic tweezers. Through examination of the
force required to achieve a normal DNA length, multiple binding modes were detected (29).
However, because the binding was nonspecific and of uncertain stoichiometry, little detail was
extracted about the behavior of individual proteins and their local impact on DNA structure.
Experiments on a similar system have also been carried out with an optical tweezer system (30).
This system was set up to detect interactions between adjacent DNA molecules and the potential
transfer of protein molecules from one to the other.

Instead of using nonspecifically binding proteins, investigators utilized a structurally similar
but specific binding protein, integration host factor (IHF), to observe the effects at a single binding
site (31). The change in end-to-end distance of a single molecule was measured via an evanescent
wave—scattering method to detect a bead bound to one end of the DNA. The Brownian motion of
the bead can also be measured both with and without the protein bound to determine the change
in DNA length between the two states. Because single molecules of both DNA and IHF are being
observed (albeit indirectly via the bead), the on and off rates of single molecules can be determined.
Each bead and DNA molecule are in their own microenvironment, so different tensions can be
generated, and the effect of such tensions on binding can be observed. To capture both specific
and nonspecific interactions, complex mixtures of the same proteins have been examined using
AFM imaging (32). In these experiments, single molecules of lambda DNA were examined for
complex DNA folding as a function of multiple proteins. Although the contributions of individual
proteins were not measured, the resulting images show the complexity of the structures that can
be generated with simple binding proteins (see, for example, figure 4 of Reference 32).

In addition to DNA-compaction proteins, two other classes of bacterial proteins are frequently
examined for their effect on DNA folding: transcription factors, such as the lac repressor, and

Efcavitch o Thompson



Annual Review of Analytical Chemistry 2010.3:109-128. Downloaded from www.annualreviews.org
by Fordham University on 12/14/11. For personal use only

restriction enzymes. In both cases, these proteins can generate looped DNA that is best studied
with single-molecule techniques. Furthermore, it is not just the impact on DNA structure that is
of interest but also the mode of binding and how an individual protein can find its specific binding
site among so many incorrect sites. With both classes of proteins, there is generally a second
DNA-binding site that allows looping of the DNA. For example, investigators followed the kinet-
ics of loop formation induced by the restriction enzymes Nael and Narl by observing changes in
the Brownian motion of tethered particles (33). The various kinetic steps in the reaction could be
characterized because each molecule was tracked individually rather than grouped as an ensemble
with protein molecules in different intermediate processes (binding, dimerization/looping,
catalysis, and dissociation) at different times. Proper characterization of the intermediate steps
was verified by varying protein concentration and inhibiting the process through use of calcium
as an inhibitor of catalysis. Similarly, the enzyme Sfil was examined via tethered particle motion
(TPM)—with the addition of a protein mutated to be catalytically inactive—and a DNA molecule
with either two binding sites or only one recognition site to allow observation of nonspecific bind-
ing (34). The enzyme EcoRV was examined via an alternative system for distance measurements,
SPR with gold particles (35). This technique has the advantage of not being photobleachable, thus
allowing longer-term tracking of individual molecules. In contrast, the donor dye in FRET assays
can be destroyed by the high laser intensities needed and may become unable to report on a given
molecule over long periods of time. However, the much larger size of the gold particles relative to
FRET dyes raises concerns about the impact of the particle on the properties of the protein-DNA
complex. This system also has a different optimal distance range relative to that of FRET. Sensi-
tive, time-resolved distance measurements have shown that bending can occur simultaneously with
binding. Binding can also be separated from cleavage by omission of the cation during the binding
phase.

Investigators have also used TPM to examine lac repressor—induced looping so as to understand
the impact of bending on loop formation and to assess the different intermediate steps of binding
(36). Through use of mutated proteins, the flexibility of the protein hinge was shown to be
important in loop formation. Additional characterization of this system as a function of protein
concentration and intersite spacing has also been carried out (37). Through examination of discrete
binding sites in individual molecules, an understanding of the different intermediates in binding
and looping can be obtained. The flexibility of the protein allows loops to be formed even when
binding sites are out of phase or spaced very closely together. The ability to see individual molecules
go through these transitions is key to understanding the kinetic intermediates. Although it is not
yet possible to visualize living cells at this level of detail, stroboscopic illumination of lac repressor
has been used to follow binding in living cells (38), thereby allowing connections to be made
between isolated proteins observed in vitro with their in vivo counterparts.

2.4. DNA Replication

In more complicated situations, such as the molecular machines involved in DNA replication
and other complex systems, all the components of DNA folding, protein binding, and DNA
looping and bending interact to provide a highly regulated and efficient set of interactions that
require analysis of the individual components as well as of the assembled macromolecules. There
are numerous excellent examples of elegant systems such as transcription, recombination, and
nucleosome dynamics, but we focus solely on DNA replication.

DNA replication consists of many different activities and interactions. For example, one early
single-molecule experiment utilized varying amounts of force to toggle a DNA polymerase be-
tween extension and exonuclease activity (39). Because single- and double-stranded DNA respond
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differently to an externally applied force, the energetically favored reaction can be made to vary.
In addition to polymerase activity, many other activities are required for efficient replication. To
replicate double-stranded DNA, helicases are generally needed to open up the double helix for
polymerization. Through use of optical trapping to apply force, studies of T7 helicase, which is a
member of the ring-shaped class of helicases, showed that it plays an active role in DNA unwinding
(40). Also required for complete replication are processivity factors. These factors can fall into the
class of sliding clamp proteins that keep the polymerase properly positioned with respect to the
DNA end being polymerized. FRET studies have examined interactions between the clamp and
DNA and have observed the diffusion of the protein along DNA in real time (41) by placing one
fluor on the protein and one on an oligonucleotide that, upon binding to a single-stranded DNA,
serves as a mimic for a replication fork. Diffusion of the Escherichia coli processivity factor was mea-
sured on naked, single-stranded DNA or on DNA coated with a single-stranded DNA-binding
protein, thus providing valuable information about how multiple components of the system in-
teract. The diffusion rate was assumed to be constant along the length of the DNA, but other
single-molecule studies have shown that this is not necessarily the case (42). Using stretched
DNAs and a different processivity factor (UL42) labeled with a quantum dot, investigators have
found that the rate of diffusion along DNA is much more rapid than had been determined via
ensemble techniques because the protein spends much more time on the ends of the DNA than
on internal segments. However, these studies are subject to caveats, as the stretched DNA may
behave differently than unstretched DNA. For instance, the binding of nucleotides to a polymerase
bound to DNA with an inactive 3’ end was examined through use of nanopores (43, 44). After a
partially double-stranded DNA was captured, an electric field was applied to accelerate capture
of the Klenow fragment of DNA polymerase in an alpha-hemolysin (xHL) nanopore. This com-
plex was then queried with varying concentrations of nucleotide triphosphates to detect binding
events and their kinetics. By sequentially assembling different parts of the ternary complex, one
can assess each part for its effect on the kinetic lifetimes of the bound states. Kinetics of binding
and dissociation can be determined over orders of magnitude of component concentration. Ex-
amination of even higher-order complexes and active replication has been accomplished through
use of SPR and flow control of reactants to control DNA synthesis. A multiprotein complex can
be assembled in the absence of magnesium, the unbound protein components can be removed to
prevent reassociation, and the reaction can be initiated with nucleotides and magnesium. For the
examination of an even larger spectrum of events (45), ternary complexes of DNA polymerase
and cofactors were assembled on replication forks on lambda DNA attached to a glass surface;
they were then manipulated with magnetic beads at the other end. The degree of processivity
was determined as a function of added primase (DnaG). The unbound polymerase synthesized
an average of 10.9 kb in a single event (less than observed in ensemble studies, possibly due to
a lack of distinction between multiple events), which then dropped to less than 4 kb upon the
addition of DnaG. This effect was independent of whether or not the primase actually synthe-
sized opposite-strand primers. Similarly, complete replisomes for both T7 and E. co/i polymerase
were examined via a total internal reflection fluorescence (TIRF) visualization system and dyes to
light up the lagging DNA strand during synthesis (46). Both speed of synthesis and processivity
were monitored as laminar flow stretched out each DNA molecule. In addition to leading-strand
synthesis, lagging-strand synthesis and resolution of loops have been examined with T7 repli-
somes (47). Both the dependence of the size and number of loops on various conditions and the
determination of the factors affecting release of the loops have been characterized. Similar studies
with TIRF visualization were carried out with DNA attached to a lipid bilayer rather than to
glass (48). Leading-strand synthesis speed and processivity were examined both with and without
lagging-strand synthesis, and large variations among individual molecules were observed.
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3. SINGLE-MOLECULE DNA SEQUENCING

3.1. Background

Ever since some of the earliest demonstrations of single-molecule detection in solution (49, 50),
investigators have hoped to apply this approach to the sequencing of individual DNA or RNA
molecules. In some respects, this desire may be driven by the simple realization that life is encoded
in one cell by one molecule and thus that performing single-cell sequencing would automatically
lead to the ability to detect one nucleotide at a time, regardless of whether that nucleotide is
a monomer within the intact genome or a monomer that has been sequentially removed from
the genomic polymer. Jett et al. (51) discussed aspects of the possibility of real-time detection of
fluorescently labeled nucleotides in a flowing aqueous stream for DNA sequencing, and Ishikawa
etal. (52) discussed the prospect of detection of a fluorophore on a surface for DNA sequencing.
Investigators considered applying single-molecule approaches to the large-scale sequencing of
nucleic acid (NA) molecules soon after the successful demonstration of single-molecule detection;
this shift was probably driven by the daunting realization that genome sequences are large in size
and ubiquitous in biology. Even before the now-popular concept of deep and broad sequencing
for medical purposes or comparative genomics was widely accepted, the initiation of the human
genome projectin October, 1990, drove the realization that the then—currently available automated
sequencers would be economically challenged to acquire the large amounts of sequence data of even
one genome. Thus, barely three years after a prominent description of automated fluorescence-
based sequencing was published (53), investigators came to realize that a dramatically different
technology, rather than a simple increase in the throughput and parallelization of electrophoresis-
based sequencing methods, was required. Single-molecule-based approaches seem to have been
identified as the most promising technology even before the advent of the $1000-genome goal set
by the National Institutes of Health in 2004.

Much of the history of single-DNA molecule sequencing was driven by the essential dichotomy
between schemes based on indirect detection of the nucleotides in a DNA polymer versus those
based on direct detection. Once the obstacles to optically detecting single fluorophores had been
overcome, a salient problem of single-molecule DNA- or RNA-sequencing technology emerged.
This challenge consists of the chemistry- and biochemistry-related issues associated with incor-
porating a fluorescent label on each and every base, then removing the label from each and every
base in a near-quantitative manner for many consecutive nucleotides. As such, optically based
single-molecule DNA-sequencing methods resemble classical Sanger sequencing in that they use
sequencing by synthesis (SBS) but avoid the inherent need for ensembles of molecules and the
technical challenges of the massive parallelization required of electrophoretic separations (54, 55).
Other next-generation technologies have arisen in the past few years that are based on the optical
detection of ensembles of molecules and that use several different molecular processes to decode
the sequence, including ligation (56), pyrosequencing (57), hybridization (58), and SBS (59). Sev-
eral groups have attempted to advance technologies based on nonoptical or direct detection of
the individual nucleotides in a single DNA or RNA molecule, and the following sections address
efforts in both approaches.

3.2. Historical Efforts

In several papers, Keller and coworkers (51) proposed using a novel approach to the sequencing
of long strands of DNA. Their technique involves the progressive release of individually labeled
nucleotide bases into a flowing stream of an aqueous liquid and the subsequent real-time detection
of a single fluorophore in a highly focused, volume-limited laser spot. The approach promises very
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fast readout and a length of read limited only by the ability to label and degrade in a coordinated
fashion. Efforts to bring this approach to fruition have mainly focused on the salient problems of
(@) incorporating a fluorophore in a quantitative fashion at each and every nucleotide of a long
fragment of DNA and (§) subsequently releasing the labeled nucleotides by an exonuclease (60, 61).
The complexities and cost of parallel fluid flow, laser excitation, and detection must be addressed
so that the required throughput for genome-scale sequencing can be achieved. So far there have
been no reports of sequencing of any useful length, and there appear to be no commercial efforts
arising from this approach.

3.3. Optical Sequencing by Synthesis

It was not until 2003 that Braslavsky et al. (62) described a single-molecule SBS approach that de-
termined short sequences with unlabeled spacers from template molecules localized on a support.
Their approach brought together several concepts to solve problems of single-molecule SBS on a
solid support created by the use of fluorescently labeled deoxynucleotide triphosphates at concen-
trations of approximately several hundred nanomolars. Those concepts include (#) the use of FRET
to reduce noise from nonspecifically bound fluorophores, (9) the use of polyelectrolyte-coated sur-
faces to further minimize nonspecifically bound fluorophores, and (¢) the use of TIR illumination
to decrease the background fluorescence associated with glass and the aqueous medium. With only
two of the four bases labeled with Cy-5, the authors demonstrated the acquisition of a fingerprint
of five bases spanning a length of 13 nt. By adding an automated scanning stage, the authors ex-
trapolated the performance of their system to 12 million individual templates in a 25-mm square
(roughly 1.2 x 107 strands would provide 10 times the coverage of a whole human genome).
The pioneering work of Quake and coworkers (62, 63) was advanced and commercialized
by Helicos BioSciences Corporation, which introduced the world’s first single-molecule DNA
sequencer early in 2008 (Figure 3). Instead of using the FRET system employed by Quake’s team,
the Helicos group of Harris and coworkers (64) opted to use a single Cy-5 fluorophore excited at
647 nm. The fluorophore was removed by chemical cleavage after each imaging step, in contrast
to the laser-mediated photobleaching approach practiced by the Quake group (62). The authors
reported that ~280,000 individual molecules, representing fragments of the 7424-nt genome,
were subjected to an SBS process that produced an average and median read length of 23 nt.
However, the sequencing of each molecule was asynchronous, so some molecules actually provided
reads that were 28-34 nt in length. In this early study, more than one fluorescent nucleotide
could be inserted per homopolymer region, making an accurate length determination of the
homopolymers difficult. T'o solve this limitation of the chemistry, Bowers etal. (65) developed a set
of nucleotide analogs that limited enzymatic incorporation to one per cycle so that homopolymers
of any length that are spanned by the length of a read could be accurately sequenced. Single-
molecule SBS with reads measuring 33-35 nt in length are useful for resequencing of genomes
greater than several megabases. The medical resequencing of human DNA and the comparative
sequencing of different model species’ DNA can be performed with single-molecule sequencing,
as demonstrated by the publication of the first ever single-molecule sequence of a human genome

through use of a HeliScope™

single-molecule DNA sequencer (66). This technology has also been
applied to the quantification of expressed mRNA, which allowed highly reproducible counting of
individual complementary DNA copies of transcripts from a yeast model system (67). In a further
effort to reduce any bias introduced by complementary DNA generation, Ozsolak et al. (68) used
single-molecule SBS for the direct sequencing of RNA templates in a DNA-primed RNA:DNA

hybrid.
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Figure 3

Single-molecule sequencing. (#) Schematic of the two—flow cell detection layout of the HeliScope ™
single-molecule DNA sequencer. One flow cell is being imaged, and the other is simultaneously undergoing
sequencing by synthesis chemistry. (b) Single-molecule image of fluorescently labeled primer-template
duplexes immobilized on the surface of one channel of a 50-channel flow cell. The image represents 25% of
one field of view of ~31,000 single-molecule objects. Used with permission from Helicos BioSciences
Corporation. Abbreviations: CCD, charge-coupled device; ssDNA, single-stranded DNA; SMS™  true
single-molecule sequencing.

3.4. Optical Real-Time Sequencing by Synthesis

Another approach to single-molecule SBS, undertaken by Webb and colleagues (69), essentially
returns to the concept of confining the illumination volume to a zeptoliter volume through the
use of 100-nm-diameter zero-mode waveguides consisting of subwavelength holes. This approach
addresses the throughput issues of classical scanning near-field approaches (70) by parallelizing
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the detection volumes via arrays of these holes. This single-molecule detection technology was
then coupled with an anchored polymerase and gamma-phosphate-linked nucleotide analogs to
allow real-time monitoring of fluorophore release while the polymerase incorporated nucleotides
in a contiguous SBS (71). The scheme depends upon the ability to discriminate between a labeled
nucleotide analog that is transiently occupying the hole by diffusion and a nucleotide that is
transiently occupying the hole during enzyme-mediated incorporation. A report from a Pacific
Biosciences-based research group (72) showed the four-color sequencing of a 150-nt circular
template molecule and identified 1008 base incorporations, suggesting that the circular template
used was sequenced ~14 times. Raw error rates of ~20% were reported; however, by sequencing
the circular template multiple times in a rolling-circle fashion, the authors reportedly achieved a
consensus error rate of 99.3% after oversampling each base. Presumably, large genomes would
have to be sheared and circularized by ligation for use in this process; a 10-fold coverage of a
human genome was estimated by the authors to require ~140,000 waveguides.

3.5. Nonoptical Real-Time

Nonoptical, real-time sequencing comprises (#) direct detection and identification of the purine
and pyrimidine bases without the need for modification with a reporter and (b) real-time detection
in a single step. Currently, there are two single-molecule approaches that promise to meet these
criteria. One is nanopore-based single-molecule DNA sequencing, and the other is scanning
tunneling spectroscopy (ST'S). Both methods involve scanning an intact DNA molecule one base
at a time and detecting either the change in conductance across a nanopore or the difference in
conductance among the individual bases themselves.

3.6. Scanning Tunneling Spectroscopy

Direct observation of the atomic-level structure of NAs is a concept that came quickly on the
heels of the first demonstrations of scanning tunneling microscopy (STM) in 1981; several very
early reports described attempts at such observations (73, 74). It was later recognized that sim-
ple imaging of NA molecules was subject to artifacts and that it would not be suitable for the
type of resolution necessary to distinguish the linear sequences of DNA and RNA molecules
(75). The realization that DNA is capable of charge transport led to the application of an STM
probe to measure the conductance of individual molecules in an aqueous solution (76). This
set the stage for the use of the tunneling-current variation involving applied voltage to con-
struct current-voltage (I-V) curves, which provide a type of electronic spectrum of the observed
molecules (77, 78) to improve molecular-level discrimination of the nucleobases. Several groups
have attempted to apply the concept of an ST'S spectrum (I-} curves) to differentiate the individual
bases of a single DNA molecule on a surface (79-81), with limited success. Recently, Tanaka &
Kawai (82) obtained a partial sequence of a stretched single-stranded M13 DNA molecule. In this
study, the authors detected only the sequence of guanine residues in a span of 139 nucleotides
(Figure 4). Advancesin the deposition of intact M13 DNA molecules (7249 bases) onto Cu surfaces
were key to the ability to partially sequence such a long stretch of bases. The tunneling-current
resolution of guanine residues is thought to arise from the fact that guanine’s ionization potential
is the lowest of the four bases (83). Significant challenges remain for this approach, given that the
requirement to obtain a conductivity (dI/dV) spectrum takes approximately 1h for the ~200-pm
field of observation; in contrast, STM imaging without spectroscopy would allow a significant
improvement in throughput. Perhaps a more serious limitation on the use of this technology for
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Figure 4

Deposition and scanning tunneling microscopy (STM) analysis of single-stranded M13mp18 DNA molecules on Cu(111).

(@) Schematic illustration of the oblique injection method. DNA strands tend to align more perpendicular than horizontal to the flow
(injection) direction. The Cu(111) substrate is inclined at ~45° to the aqueous solution of DNA, which is introduced from a pulse valve.
(b) Typical wide-area image of an M13mp18 DNA molecule (voltage, 2 V; current, 5 pA; width, 400 nm). Atomic steps in the Cu(111)
substrate form a staircase surface structure. Sections of an M13mp18 DNA molecule are visualized as linear adsorbed material running
from top left to bottom right. (¢) An enlarged view of the rectangular region enclosed by the white dashed line in panel 4 (voltage, —2 V;
current, 5 pA; width, 100 nm). (d) A conductivity (dI/dV) map of the same region as in panel ¢ (voltage, —1.5 V; current, 20 pA; width,
100 nm). To maximize the detection of the density of states of guanine, the measurements were made under slightly lower bias
conditions than in panel ¢. (¢) Part of the base sequence of M13mp18 obtained from a database (the sequence of bases at positions 5322
through 5461). To facilitate comparison with the STM data, the guanine sites are indicated by red characters and are connected by red
arrows to the corresponding parts of the image. Data taken from Tanaka & Kawai (82).

DNA sequencing is that there is no clear understanding as to whether a differentiating tunneling
current can be utilized for discriminating the other three nucleotides of DNA.

3.7. Nanopore-Based Sequencing

The second nonoptical real-time method we review is based on the original proposal (84) that
a strand of DNA or RNA can be transported through the lumen of a naturally occurring pro-
tein nanopore under the influence of an applied voltage. It has been reported (85) that the size
of a 7.2-kbp DNA molecule was experimentally determined, by transport through a silicone ni-
tride nanopore, to be 6.9 + 0.6 kbp. The simplicity of using intact, unmodified NAs in a very
parallelizable system is attractive.

The best-studied biological nanopore is the Staphylococcus aureus toxin «HL (86). This toxin has
an internal diameter of 1.4 nm atits narrowest and a total pore length of approximately 10 nm, and
it has been extensively studied for use as a generalized small-molecule sensor. The pore diameter
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is just sufficient to accommodate the passage of a single-stranded DNA molecule. A nanopore
is embedded in a synthetic lipid bilayer, and the deviations in the ion current across the pore is
measured to indicate the stochastic blockage of the current as each base interacts with the wall of
the pore. Current levels on the order of picoamperes and dwell times on the order of milliseconds
are the expected values to be measured experimentally as the analyte transits the length of the
lumen. It was quickly realized that, although current modulations can be detected during the
translocation of NA molecules, the length of the nanopore is too long to distinguish the passage of
a single nucleotide because ~10-20 nt can be accommodated by this length (87-90). Additionally,
the speed of translocation of a single-stranded DNA molecule through a nanopore (1-20 us
per base) makes discrimination of the individual nucleotide-mediated ionic current modulation
difficult to measure (88, 91). Nevertheless, the properties of nanopores as biosensors have enabled
several interesting single-molecule studies involving nucleotide composition (92), DNA-protein
complexes (93), and DNA polymerase activity (94, 95). Single-base substitutions can apparently
be determined if the DNA strand is immobilized within the protein nanopore (96). The degree
to which the basic «HL pore can be modified to create or enhance specificity of detection is
notably extensive. Site-directed mutagenesis and protein-engineering techniques have allowed
modification of the internal charge of a pore (97) and the covalent coupling of molecular adapters
such as beta-cyclodextrin (98) to the barrel of the protein pore. The former modification was used
to increase the number of positively charged amino acids in the lumen of *HL. The frequency of
DNA-translocation events thereby increased by almost an order of magnitude, and the threshold
voltage for DNA translocation decreased by 50 mV from the 120 mV required for the wild-type
protein. The realization that a nanopore could not be used to discriminate single nucleotides of a
NA and hence be useful for DNA sequencing triggered the pursuit of several novel concepts, such
as tunneling (99) and base-specific modification (100), for increasing the level of discrimination
as the NA translocates through the pore.

In a remarkable example of déja vu, perhaps the most successful demonstration to date of the
potential for DNA sequencing using nanopores involves a return to Keller’s concept (51) of us-
ing exonuclease to progressively remove nucleotides one at a time and to subsequently identify
them during translocation through a pore (101). Unambiguous assignment frequencies of 99.4%,
90.3%, 90.9%, and 99.99% for the deoxynucleotide monophosphates of guanine, thymine, ade-
nine, and cytidine, respectively, were observed, and a specific ionic current was detected for 5-
methylcytosine, a naturally occurring species associated with transcriptional silencing (102-104).
Although the progress in and understanding of the capabilities of nanopores as chemical sensors
are substantial, several challenges remain to be solved before this technology is ready for availabil-
ity as a high-throughput DNA sequencer. As more of the cost of the sequencing technology moves
from the instrumentation and reagents to the protein nanopore-sensor device itself, it remains to
be seen whether the cost of making such exquisitely engineered protein devices follows the same
trend as have more classical discrete electronic components.

3.8. Optical Mapping

Although technically not a single-fluorophore detection technology, the optical mapping ap-
proach designed by Schwartz et al. (105) describes the visualization and physical mapping of
very large fragments of single molecules of DNA fixed to a surface. Following the adsorption of
high-molecular-weight fragments to a surface in a linear orientation, the fragments are subjected
to restriction digestion. The intercalation of multiple fluorophores (e.g., YOYO-1) along the
length of the molecules allows the contour length of the stretched molecules to be determined.
Also, because the restriction fragments are generated from one contiguous molecule, they are
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automatically ordered in the proper sequence, allowing a low-resolution sequence map to be ob-
tained without prior knowledge of the primary sequence (106). Use of the integrated intensity of
the intercalated fluorophores (instead of a tracing routine) to determine the contour length re-
portedly allows fragment-length estimation and makes said estimation robust to artifacts of DNA
deposition. This method is useful in the comparative genomics of bacterial strains because it is
sensitive to the insertions, deletions, inversions, and translocations that characterize many species
differences (107, 108). The success of this methodology depends on the effective and high-yield
adsorption of single molecules (~500 kb) onto a surface in an elongated fashion and with little to
no overlap between individual molecules (109). The use of shear flow from capillary action (rather
than from mechanical pumping) in microchannels 8 pm high x 100 pm wide x 10 mm long
formed by poly(dimethyl-siloxane) replicas on modified glass surfaces is reportedly sufficient to
allow the highly reproducible deposition of molecules up to 3.9 Mb in size or ~1.3 mm in length.
Image acquisition has been automated such that a surface area of ~10 mm? can be scanned in less
than 1 h; automation is required because the optical mapping of a complex genome such as rice
(382.17 Mb) requires the analysis of 260,205 individual DNA molecules (110). The optical system
used to collect these data employs an argon ion laser—illuminated Zeiss 135M microscope with a
Roper Scientific, Inc., cooled charge-coupled device digital camera (109); therefore, an individual
laboratory’s cost of performing optical mapping would be relatively low. The longer-term ques-
tion is whether or not optical mapping will continue to play a role in genomics research as the
cost of DNA sequencing fueled by single-molecule technologies falls.

3.9. Nongenome Applications of Single-Molecule Sequencing

Our review has focused on genomic applications of sequencing, but there are myriad other ap-
plications of sequencing (111). Methods that use small segments of sequence to provide quanti-
tative analysis for measuring gene expressing, assessing copy number variation, and determining
metagenomic diversity are particularly well served by single-molecule approaches because they
avoid the potential bias and nonlinearity problems associated with amplification. Additionally,
many genomic DNA-sequencing projects are undertaken with poor-quality or degraded DNA;
such projects could be better carried out with single-molecule approaches because the DNA does
not need to be copied prior to sequencing.

4. SUMMARY

Use of single molecules has required the development of new technology for detection and analysis,
but these extra efforts have rewarded us with valuable information generated by the study of all
individual DNA molecules and not merely an average of molecules. In addition to observing how
a DNA molecule behaves, many methodologies also allow manipulation of the molecule so that
behavior under extreme conditions can be tested. Many of these manipulations cannot be carried
outon a population of molecules, so single-molecule approaches are the only alternative. Similarly,
although single-molecule sequencing can generate the same type of data as ensemble sequencing,
it surpasses those approaches by (#) allowing tiny quantities of DNA to be studied, (/) avoiding
the pitfalls of amplification, and () providing the high throughput required for the ubiquitous
acquisition of genomic data.
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