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ABSTRACT The past decade has seen an explosive growth in the utilization of
single-molecule techniques for the study of complex systems. The ability to resolve
phenomena otherwise masked by ensemble averaging has made these approaches
especially attractive for the study of biological systems, where stochastic events lead to
inherent inhomogeneity at the population level. The complex composition of the
genome has made it an ideal system to study at the single-molecule level, and methods
aimed at resolving genetic information from long, individual, genomic DNA molecules
have been in use for the last 30 years. These methods, and particularly optical-based g

mapping of DNA, have been instrumental in highlighting genomic variation and
contributed significantly to the assembly of many genomes including the human genome. Nanotechnology and nanoscopy have been a strong driving force
for advancing genomic mapping approaches, allowing both better manipulation of DNA on the nanoscale and enhanced optical resolving power for analysis
of genomic information. During the past few years, these developments have been adopted also for epigenetic studies. The common principle for these
studies is the use of advanced optical microscopy for the detection of fluorescently labeled epigenetic marks on long, extended DNA molecules. Here we will

discuss recent single-molecule studies for the mapping of chromatin composition and epigenetic DNA modifications, such as DNA methylation.
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ifferences in the genetic and epi-

genetic composition of genomes

are the basis for phenotypic varia-
tion. Since the beginning of the Human
Genome Project in 1989," our knowledge-
base of genomic information increased tre-
mendously. This was achieved thanks to the
emergence of the Sanger method for DNA
sequencing®? followed by next-generation
sequencing methods (NGS).*~® However,
the sequence layout of the genome is an-
notated by a plethora of epigenetic marks
such as chemical modifications to the DNA
bases or the association with specific DNA-
binding proteins. These changes dramati-
cally affect the structure and function of the
genome without changing the underlying
genomic sequence. At any given time, the
epigenome of a cell is defined by the
pattern of DNA modifications such as
DNA methylation and the distribution of
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DNA-binding proteins, mainly transcription
factors (TF) and histones.” The detailed com-
position of the epigenome serves to regulate
the execution of the underlying genetic code
and defines a specific gene expression pro-
file that sets the phenotype for each cell.

The dynamic nature and high variability
of epigenetic signatures limit the informa-
tion accessible by bulk sequencing techni-
ques. This limitation calls for alternative
methodologies for studying the epigen-
ome. Advances in our ability to manipulate
and detect biomolecules at the nanoscale
offer exciting new approaches to genomic
analysis. Here we discuss the physical map-
ping of genomic and epigenomic content
from the single-molecule perspective with
emphasis on optical approaches.

DNA Sequencing and Optical Mapping. High-
throughput sequencing technologies are
all based on assembly of numerous short
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sequence reads into long-range sequence contigs.® In
order to achieve sufficient overlap between the short
reads, a genomic region must be sampled multiple
times (the sequencing “depth” which defines the
reliability of the sequence). This implies that large pools
of DNA must be used in order to reliably represent the
genome. The use of short reads sampled from a large
population leads to two fundamental limitations: diffi-
culty resolving variations and small subpopulations
that are masked by population averaging, and loss of
long-range information in the context of the individual
genome. This is especially relevant to genomic regions
that include structural variations (SVs), copy number
variations (CNVs), and repetitive elements, which ac-
count for large fractions of most genomes.

These limitations are the driving force for develop-
ing new DNA mapping approaches that are able to
extract high-resolution data from individual chromo-
somes. Two recent sequencing technologies promise
to deliver extremely long reads from single DNA
molecules; single-molecule real-time (SMRT) sequencing
is a method, developed by Pacific Bioscience (Inc.), in
which single DNA molecules are sequenced by mea-
suring the fluorescent signal of nucleotides being
incorporated into a DNA template by DNA polymerase.
Measuring the elongation rate also enables the detec-
tion of chemical modifications of the DNA bases.’
Another emerging single-molecule DNA sequencing
method is nanopore sequencing. Here, DNA s
threaded through a small pore, and the ionic current
across the pore is measured during DNA translocation.
This measure gives information about translocated
base, including identification of different DNA modi-
fications.'® These methods, if they deliver on their
theoretical potential, will provide long reads from
single DNA molecules with the potential of addressing
several epigenetic modifications in conjunction with
sequence data. However, it is not foreseen that multi-
ple layers of information, including protein occupancy,
will be accessible simultaneously. Such multiplexing
may be possible using optical mapping techniques
which rely on the imaging of individual, long (50—
1000 kbp) DNA molecules."'~"® In optical mapping
methods, the extraction of genomic information is
mediated by fluorescent labeling of the DNA%® and
optical detection of these labels along single DNA
molecules. Super-resolution localization techniques
may be used to enhance mapping precision.'®?' ~2*
The data acquired using these techniques lack the high
resolution of DNA sequencing but offer genomic context
and are therefore ideal for aiding sequence assembly
when used in combination with DNA sequencing® 3 as
well as for analysis of genomic structural variations at
the individual chromosome level 332

The Complexity of the Genome. The basic nucleic DNA
sequence is only one layer of information embedded in
the genome. Additional genomic content resides in
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VOCABULARY: FISH - fluorescence in situ hybridization
is a technique for the detection of DNA sequences on
chromosomes using fluorescently labeled probes; Fiber
FISH - a modified FISH method in which the studied DNA is
linearized on a surface; DNA extension - the process by
which coiled DNA is transformed to a linear conformation;
this can be achieved by stretching the DNA on a surface or
in suspension; epigenetics - all inherited DNA and chro-
matin modifications that are not encoded in the DNA
sequence; chromatin - the composition of DNA and
its associated proteins; chemical DNA modifications -
chemical modifications of any of the four DNA building
blocks, A, C, G, and T; C methylation is the most common of
these modifications in mammalian genomes; ChIP - chro-
matin immunoprecipitation is a method for capturing
protein-associated DNA by use of chromatin-specific
antibodies;

modifications such as DNA methylation and DNA-
binding proteins, including the histone code, RNA
polymerases (RNAPs), TFs, and many other DNA-
binding proteins that control genomic structure and
function and contribute to a highly diverse genomic
content. For example, as reviewed by Xie et al.* it is
estimated that one Escherichia coli cell contains on
average 4.6 Mbp of chromosomal DNA, 10—20 units of
DNA polymerase lll, 50 units of DnaG primase, 200—
2000 actively transcribing RNAPs, 1000—7000 single-
strand DNA-binding proteins, and a total of 50 000—
200000 units of various nucleotide-related proteins.
The complexity of DNA—protein interactions stem from
both the high number of DNA-binding proteins as well
as the fact that many proteins bind DNA at multiple
sites. For example, Bulyk and co-workers studied the
diversity and complexity of 104 mouse DNA-binding
proteins and found that about half of the studied TFs
could bind multiple binding sites3* Nevertheless, each
protein had a unique DNA-binding preference, suggest-
ing that predicting protein-binding profiles according to
DNA recognition sequences alone is far from being
enough for elucidating the DNA—protein network.
Epigenomic Bulk Studies. Current knowledge on the
protein content of the genome is available largely from
gel shift assays, in vivo footprinting,*> chromatin immuno-
precipitation (ChIP),>® ChIP in combination with DNA
microarrays (ChIP-chip),” protein-binding microarrays,*’
nuclear run-on techniques,®®3*° and bioinformatic
predictions.**~** Recent advances in array and se-
quencing technologies allow genome-wide studies of
chromatin modifications. In particular, histones and
their post-translational modifications serve as key epi-
genetic marks that are extensively mapped on the
genomic scale due to their role in gene expression
and in chromatin packaging.” The dynamic nature of
chromatin structure serves as an important genomic
regulator, where active genes are exposed for tran-
scription and inactive genes are concealed within the
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chromatin bundle. The use of digestion enzymes such
as DNase |, which digest the active exposed regions in
live cells, followed by DNA analysis, allows studying the
dynamics of chromatin structure and gene regulation.”*

One of the factors that influence protein binding to
DNA is the degree of genome methylation.** In mam-
mals, DNA methylation occurs mainly on cytosines in
CpG dinucleotides. CG-rich areas of the genome, which
are called CpG islands, are usually unmethylated. DNA
methylation is generally associated with transcriptional
repression mediated by methyl-binding proteins.*> Map-
ping of methylation sites can be done using restriction
enzymes that are sensitive to methylation state, by
affinity purification using methylcytosine DNA-binding
domain (MBD) proteins, by immunoprecipitation using
anti-methylcytosine antibodies or by bisulfite-based
techniques, a chemical that converts cytosines to
uracils but does not react with methylcytosine.” Re-
cently, a new DNA modification was discovered in
mammalian genomes, hydroxymethylcytosine (5hmC).*®
Cytosine hydroxymethylation may be a mediator of
DNA demethylation pathways*’® and was shown to
have a tissue-specific distribution.*® Methods for map-
ping 5hmC sites are mostly based on selective
enzymatic glucosylation of 5hmC by the T4 3-glucosyl-
transferase enzyme,*® a process that allows for chemi-
cal manipulation and capture of hydroxylated DNA
molecules for sequencing. A recent chemoenzymatic
approach was able to map 5hmC with single-base
resolution.>® Despite the wealth of information gener-
ated by these techniques, they suffer from the same
drawbacks that limit genetic analysis and provide an
averaged view of the epigenome.”’

The decoration of DNA with DNA-binding proteins
and DNA methylation is a dynamic process evolving
through the differentiation and growth of cells and the
exposure to changes in external stimuli. Thus, it is likely
that neighboring cells will have different patterns of
proteins and methylation sites along their chromo-
somes.>? In order to reveal the composite heterogene-
ity and to overcome the averaging effect of ensemble
methods, a single-molecule approach is needed. The
long-range data offered by optical mapping may pro-
vide access to information such as the distribution of
DNA-binding proteins along the genome and methy-
lation patterns. Moreover, a single-molecule approach
enables multiplex detection of a number of genetic or
epigenetic markers simultaneously. Multiplexed mea-
surements are only rarely applicable in bulk studies,
and usually, no more than two observables can be
studied simultaneously.”> > The ability to detect sub-
populations and to image long-range epigenetic pat-
terns such as cooperative binding of proteins to DNA is
a major advantage of the single-molecule approach.

Epigenomic Single-Molecule Studies. /maging of Single-
Molecule Protein—DNA Complexes. Single-molecule stud-
ies of DNA—protein interactions are mainly devoted to
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Figure 1. Single-molecule imaging of nucleosomes. (a)
Chromatin containing histone H1 was imaged by EM.

Adapted from Thoma et al.,*® with permission. Copyright

1979 Rockefeller University Press. (b) Chromatin as seen by
cryo-EM. Reprinted with permission from ref 69. Copyright
1998 National Academy of Sciences. (c) Cryo-AFM image of
chicken erythrocyte chromatin fiber on mica. Reprinted
with permission from ref 68. Copyright 2002 Springer. (d)
Chromatin array: left panel, HeLa chromatin as imaged by
AFM. The chromatin was labeled with Alexa-Fluor 647
histone H3 antibodies and YOYO-1. In green, fluorescence
micrograph taken at 475 nm excitation; in red, fluorescence
micrograph from the same area taken at 620 nm. Last panel
shows the overlay of the two fluorescence micrographs,
demonstrating that histones H3 are colocalized with DNA.
Adapted from ref 70. Copyright 2012 American Chemical
Society.

two main themes: (1) revealing the mechanism and
dynamics of protein—DNA interactions and (2) map-
ping the occupancy and distribution of proteins along
the studied DNA molecule. The first includes the
characterization of protein diffusion along DNA mol-
ecules (sliding, hopping, intersegmental transfer, rota-
tion around the helix) and measuring the association
rates, step size, processivity, and efficiency of enzymes
associated with DNA.>®*” The main methods used for
this purpose are atomic force microscopy, optical
tweezers,”®>? magnetic tweezers,*® DNA curtains,®%¢’
microfluidic devices,®®> molecular combing, and glass
microneedles (micropipet).®® This review focuses on
static protein—DNA interaction studies which are more
suitable for understanding where proteins are bound
along DNA rather than how they are bound.

The motivation to understand chromatin structure
of nucleosomal DNA—histone complexes led to the
first single-molecule studies using electron microscopy
(EM).5*~%6 Advanced attempts for better visualization
of nucleosomes were achieved using atomic force
microscopy (AFM), cryo-AFM,%”®® and electron cryo-
microscopy.®® Craighead and co-workers have recently
demonstrated a method to form an ordered array of
stretched chromatin molecules. They used both AFM
and fluorescence imaging to detect the presence of
histones bound to genomic DNA”® (Figure 1). Although
chromatin was imaged almost 40 years earlier to this
work, their new approach presents new opportunities
for studying chromatin. About 250 000 genomic frag-
ments (from HelLa or M091 cells) were stretched and
aligned using a combination of soft lithography and
capillary force to pattern DNA on (3-Aminopropyl)-
triethoxysilane (APTES)-coated coverslips. The fact that
the chromatin is spread in an ordered array rather than
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distributed randomly on the surface opens the way for
high-throughput automatic imaging and processing.
In order to image the aligned nucleosomes, the DNA
was stained with the intercalating dye YOYO-1 and
histones were labeled with specific antibodies conju-
gated to the organic dye Alexa-Fluor 647.

The multitude of DNA-binding proteins and the
structural complexity of the genome render chromatin
analysis difficult both experimentally and computa-
tionally. Methods for stretching DNA, labeling of de-
sired elements, and data analysis are all important
aspects of single-molecule mapping of DNA modifica-
tions and DNA—protein interactions. We will first dis-
cuss current approaches to these challenges followed
by a survey of recent applications.

DNA Extension. Extending genomic fragments into
a linear form is essential for the optical detection and
localization of tags along the DNA molecule. This
experimental approach was first introduced in the
1990s when chromosome stretching was used for
fluorescence in situ hybridization (FISH) with a method
known as “fiber-FISH".”" However, accurate measure-
ment of the DNA length and precise localization of
protein positions on the DNA require reproducible and
uniform stretching. Several methods for DNA exten-
sion were developed, each bearing its pros and cons, as
reviewed by Dorfman et al.”? In general, DNA is either
stretched on a solid support or kept stretched in
solution. Stretching by deposition on a surface includes
the following methods: (1) attaching the DNA to a glass
surface functionalized with positive charges. In this
case, stretching is induced by applying flow, and DNA
is fixed to the surface via electrostatic interactions (e.g.,
with positively charged amines from polylysine' or
APTES).”® Here, only partial extension is achieved
(about 85%) leading to nonuniformity in the extension
factor along the molecules. (2) DNA molecular
combing.””* In this method, a hydrophobic surface
is brought in contact with a solution containing DNA
molecules (for example, by dipping a silanized glass
coverslip into a DNA solution). The surface attracts DNA
extremities through hydrophobic interactions with the
exposed bases, and the rest of the DNA molecule can
be extended by pulling the surface out of solution.
Stretching forces from the air—water interface contact
line cause the DNA to extend uniformly across the
substrate. This approach yields very uniform stretch-
ing, in which the DNA length is extended up to 1.6
times its B-form DNA length. A recent development of
molecular combing uses a microneedle to pull out DNA
molecules from solution into air and stretch them
mechanically on a desired surface. Despite the low-
throughput of the method, it facilitates imaging on
clean surfaces isolated from the sample and allows
one to choose the properties of the surface.”> Ap-
proaches involving DNA stretching without fixation
include (1) DNA stretching in nanochannels, driven

LEVY-SAKIN ET AL.

by confinement due to the small dimensions of
the channels;”®”” (2) stretching by confinement in
nanoslits;”® % and (3) stretching by stagnation point
flow 5!

The two main difficulties in the preparation of
extended DNA samples are the handling of long DNA
molecules prior to the extension process and achieving
uniform stretching. Long DNA molecules are very
fragile and should be handled with special care. Meth-
ods for automated manipulation of genomic DNA may
aid in that regard in the future. In addition, all DNA
extension methods may suffer from nonuniform
stretching along the molecule, and stretching factors
may vary between different experiments. Future devel-
opments would wishfully allow uniform and robust
extension of DNA molecules.

Labeling Agents. Optical visualization of informa-
tion along the DNA requires a detection method with
high optical contrast. Fluorescent probes are the im-
mediate candidates for labeling in this case. In general,
since mapping experiments usually require a single
“snapshot” of the sample, the desired probes should
emit the maximum number of photons in the shortest
amount of time, and photostability is only required for
the duration of a single shot of the imaging camera (as
opposed to dynamic studies which require tracking
fluorescence for extended periods). The desired probe
ought to have a high extinction coefficient, high
quantum yield, short fluorescence lifetime, and narrow
emission bands. Such combined properties allow for
rapid acquisition of multiple fields of view for high-
throughput analysis. High photon flux is also desirable
for super-resolution localization, which is only limited
in resolution by the number of detected photons.
However, if multiple fluorophores are positioned in
close proximity (smaller than the diffraction limit),
resulting in overlapping fluorescence signals, then
photoswitching or blinking of the probes is also
required.

Three main classes of fluorescent probes are fluor-
escent proteins, organic dyes, and quantum dots
(QDs). A detailed review on fluorescence probes can
be found at Martin-Fernandez and Clarke.®? Fluores-
cent proteins (such as GFP) are large (~30 kDa), have
poor brightness, and tend to bleach faster than organic
dyes and QDs and therefore are not ideal for single-
molecule optical imaging. In contrast, both organic
dyes and QDs are more promising as labeling reagents.
Numerous photostable bright organic dyes with di-
verse excitation and emission wavelength, ranging
between 400 and 800 nm, are commercially available
(reviewed by Solomatin and Herschlag).2* Two proper-
ties of organic dyes that make them specifically attrac-
tive for labeling are their small size and the variety of
their available forms, including diverse functional
groups (e.g, amino-reactive dyes and sulfhydryl reac-
tive dyes). Organic dyes can be used as single
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molecules attached directly to a studied target or by
using nanoparticles that encapsulate up to hundreds
of dye molecules. QDs are fluorescent semiconductor
nanocrystals with tunable emission color controlled by
the dimensions of the particle through quantum con-
finement. QDs are characterized by relatively narrow
emission bands®*®> and are therefore useful in multi-
color imaging experiments. Moreover, QDs are also
remarkably bright and photostable. The main draw-
back of commercially available QDs is their relatively
large size, about 20 nm in diameter. The large size
reduces the mobility of QDs and reduces binding
efficiency. In addition, a bound QD masks a region of
a few tens of base pairs along the DNA, thus limiting
the labeling density.

Future development in organic chemistry and dye
engineering would hopefully further modify the prop-
erties of currently used dyes, especially in terms of high
and stable photon flux and in the ability to make
photophysical manipulations, such as photoswitching
and blinking. Such improvements will serve to allow
super-resolution imaging and improved resolving
power between proximal labels. Multiplexing of sev-
eral genomic observables by the use of multiple colors
is one of the attractive features of optical mapping.
However, the available optical spectral window is
limited by the intrinsic spectral width of available
fluorophore emission. In practice, only about four
labels can be used simultaneously in the same experi-
ment due to spectral overlap. Future development of
dyes in the near-IR region as well as the use of physical
phenomena such as energy transfer would allow in-
creasing the number of colors used simultaneously.

Data Analysis. The linear extension of DNA simpli-
fies the localization of molecular entities along DNA
strands and lends itself to automated image analysis
for large-scale, high-throughput measurements.®
When analyzing short genomes such as bacteriophage
genomes, DNA-bound proteins may be mapped by
determining their distance from the DNA terminals.
First, the overall size of the DNA should be measured,
and accordingly, the degree of extension can be
calculated. The measured distance between each la-
beled protein and the DNA extremity can be calibrated
according to the calculated stretching factor. Another
aspect of data analysis involves the orientation of the
mapped objects; should the map be built from 5’ to 3’
or vice versa? In cases where the observed experimen-
tal pattern is compared to a theoretical reference, one
orientation can be chosen over the other based on the
expected positions. Preferably, a sequence-specific
marker may be designed to identify the underlying
DNA molecule and its orientation. Furthermore, the
incorporation of multiple sequence-specific tags at
known positions may contribute to a more precise
localization of the mapped object by providing better
evaluation of the DNA stretching factor.
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Recent years have seen great progress in algorith-
mic approaches to both image analysis and sequen-
cing related data analysis. Similar approaches should
be adapted for data analysis of optical mapping ex-
periments. There is a need for algorithms dedicated to
extraction of genomic information from visual data as
well as for performing complex alignment of such data.

Mapping of DNA-Binding Proteins. To date, only a
fairly small number of single-molecule protein—DNA-
binding studies have been conducted on extended
DNA. Among these studies are imaging of C1 complex
proteins bound to the T4 bacteriophage genome®” and
binding of GINS complex proteins to genomic DNA.28
The latter demonstrated the detection of up to three
proteins simultaneously; however, mapping was not
conducted as part of these studies. The ability to
pinpoint the location of a bound protein in the context
of its genomic template is essential for our under-
standing of epigenetic function. The challenge of
relating the location of detected proteins to the under-
lying genetic code is complex and was addressed by
several single-molecule mapping reports.

Li and Yeung reported on the visualization of DNA
restriction enzyme complexes in which the protein was
bound to one expected locus.® Lambda phage DNA
(48510 bp) was stained with YOYO-1 in order to
visualize the DNA backbone. The restriction enzyme
Apal was labeled with Alexa-Fluor 532 emitting at a
separate spectral window. DNA extension on an un-
treated surface was induced by moderate flow (this
was feasible owing to very specific buffer conditions).
Each bound enzyme was localized at approximately
1/5 of the DNA contour, in agreement with the known
restriction site (10087 bp) of Apal (Figure 2a). DNA
digestion was avoided due to lack of Mg®" ions. Here,
mapping is relatively simple as the 50 kbp genome is
imaged intact, and detected fluorescence may be
localized relative to the DNA extremities. The fact that
the expected binding site forms an asymmetric pattern
allows mapping even with low-resolution data.

Taylor et al. used fluorescent nanoparticles (latex
nanobeads) in order to detect DNA-binding proteins
on Lambda DNA. These 20 nm wide beads emit bright
and stable fluorescence since each nanoparticle con-
tains about 100—200 molecules of dye. The dye is
protected from the outside environment, and is thus
highly resistant to bleaching. Histone proteins or EcoRlI
restriction enzymes were covalently attached to the
nanobeads. Using inverted fluorescence microscopy,
the beads could be detected along stretched DNA
molecules, demonstrating the nonspecific binding of
histone—bead conjugates to Lambda phage DNA and
specific binding of EcoRl—bead conjugates at expected
positions along the DNA.?® The addition of EDTA to
the solution allowed binding of EcoRI to its recog-
nition sites but inhibited its catalytic activity.
In order to determine the position of each bound
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Figure 2. Single-molecule mapping of DNA-binding proteins. (a) Apal restriction enzyme, labeled with Alexa-Fluor 532,
bound to a single recognition site on the Lambda phage genome. Adapted from ref 89. Copyright 2005 American Chemical
Society. (b) Mapping of five EcoRl binding sites using Lambda DNA extended on polylysine surface. Reprinted from ref 90.
Copyright 2000 American Chemical Society. (c) At a stagnation point using a microfluidic device. Reprinted with permission
from ref 81. Copyright 2010 Royal Society of Chemistry. (d) RNAPs mapped on T7 genome. RNAPs were conjugated to QDs,
and DNA molecules were extended on polylysine surface. Reprinted from ref 22. Copyright 2009 American Chemical Society.

particle, a normalization procedure was used. Instead
of using the absolute distance between EcoRl—nanobead
and the DNA extremities, this distance was divided by
the total DNA length, accounting for variation in
stretching factor between DNA molecules. Under the
assumption of uniform stretching along the DNA
molecule, the normalized values should remain con-
stant. Indeed, the measured locations of the five EcoRI
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binding sites were in good agreement with the theo-
retical positions. One exception for this observation
was the mapping of site number, one which is adjacent
to the DNA terminus and was poorly mapped due to
the tendency of the ends of the DNA to coil, causing
inaccurate measurements (Figure 2b).

Muller and co-workers also mapped EcoRI bind-
ing sites on the Lambda genome?'®' They used a
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microfluidic device to extend DNA molecules at a
stagnation point by applying equal flow in two oppo-
site directions (see Figure 2c). Here, they used a
biotinylated EcoRlI to conjugate the protein to avidin-
coated fluorescent 40 nm spheres. After staining with
YOYO-1, DNA—protein complexes were imaged using
a fluorescence microscope. Analysis of DNA images
resolved all five known restriction sites of EcoRl with an
average accuracy of <1 kbp. Mapping results indicated
that the localizations of sites near the end of the DNA
were less precise, as was redemonstrated by Muller's
group also for surface-stretched DNA.*'

Together, the two studies convey an important
message: the extension of DNA is not uniform and is
a critical factor determining the mapping precision,
especially near the DNA extremities. Improvements in
DNA extension methods and the addition of internal
calibration markers that report on local stretching
parameters are two of the directions taken to enable
more precise localization of genomic information.

Due to their key role in gene expression, RNAPs
were the subject of several single-molecule mapping
studies. For example, E. coli RNAP was studied inter-
acting with DNA curtains of Lambda genomes,® and
transcription was mapped by visualization of fluores-
cent RNA synthesized by T7 RNAP on the T7 genome.>>%*
A series of studies from our lab aimed to precisely and
directly map the positions and occupancy of T7—RNAP
binding in a genomic context.?' ~2* RNAPs with biotin
tags were labeled with streptavidin—QDs. Stable DNA—
RNAP complexes were achieved using stalled tran-
scription via lack of dATP. A sample containing DNA—
RNAP—QD complexes was stained with YOYO-1 and
stretched on a polylysine-functionalized surface,
revealing stretched DNA molecules decorated with
fluorescence spots from RNAP—QD bound to the
DNA. To demonstrate the mapping accuracy of the
optical measurement, the mean position and standard
deviation of detected QDs were plotted against the
known promoter sites, as shown in Figure 2c. QD
mapping was very accurate: 87% (N = 199) of QDs
were found to be within 1 kbp, 50% within 398 bp, and
25% within 174 bp of a promoter.

One advantage of this single-molecule approach is
the ability to directly detect the relative occupancy of
binding sites under various conditions. The T7 genome
(40 kbp) contains 17 T7—RNAP recognition sites, each
23 bp long.”® Three times more binding events were
detected in regions corresponding to the consensus
binding sites relative to binding sites with nonconsen-
sus sequences.”® Three sites had remarkable occupancy:
the promoter located at 86% of the full genome length,
at 46.4 and at 61%, the latter known to be a strong
terminator. Review of the literature did not yield any
reported explanation for this higher occupancy, sug-
gesting that this observation may be of novel biologi-
cal significance. This simple experiment thus indicates
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that the single-molecule approach may yield insightful
results even in relatively well-known systems such
as T7.

Improving Mapping Performance Using Genomic
Tags. Despite the use of super-resolution localization,
offering localization of protein—QD signals to within
30 bp, the overall mapping precision was far poorer, on
the order of 1 kbp. This again emphasizes the crucial
role of DNA extension in these experiments. A possible
strategy to decrease the influence of nonuniform
stretching on data analysis could be by introducing
sequence-specific reference tags (RefTags). RefTags
with defined spacing can serve as internal calibration
marks which can be used for better fitting of the data.
In addition, sequence-specific RefTags can also be
useful for the analysis of longer genomes such as
bacterial or mammalian DNA by providing a unique
fluorescent “barcode” along the DNA.??

In recent years, several approaches for genome
tagging have been developed; Das et al.'® used nick
translation to incorporate fluorescent nucleotides and
to create a sequence-specific optical barcode along
stretched DNA."” A second approach for the incorpora-
tion of RefTags uses methyltransferase (MTase)-
modified enzymes. The modified enzymes can use
synthetic cofactors for sequence-specific DNA labeling
(SMILing DNA),*” leading to a unique optical pattern.'®
We used the SMILing DNA method to incorporate three
biotin tags and create an asymmetric pattern on T7
genomes using M.BseCl MTases.”®*® The biotin moi-
eties were further labeled with streptavidin—QDs. A
schematic representation of the experimental concept
is depicted in Figure 3a. Fluorescence imaging of
stretched DNA molecules labeled with RefTags can
be found in Figure 3b.

Following the formation of the unique barcode on
T7 genomes, the labeled DNA molecules were incu-
bated with RNAPs to form DNA—RNAP—QD com-
plexes. Figure 3c shows a color overlay image of a T7
genome carrying both RNAPs (green) and RefTags
(red). RefTags were used to identify the orientation of
the DNA and to calculate the local DNA stretching
factor. The mapping precision was improved only for
T7—RNAPs detected between two RefTags such as
those bound to promoter ®13. Figure 3d shows posi-
tion histograms for RNAP detected on this promoter.
In comparison, histograms generated from the same
data without using the RefTags, but relying on the DNA
extremities for mapping, are presented (left). RefTags
indeed improved the precision of QD localization; the
width of the distribution was significantly reduced, and
the precision was improved 5-fold, from ~1.5 kbp to
~310 bp. This precision compares favorably to the
precision of ChIP-chip data.

Single-Molecule Mapping of DNA Methylation Sites.
First attempts to build a single-molecule optical meth-
ylation map have been made using ordered restriction
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Wiley & Sons.

mapping (Figure 4a). In this method, DNA is extended
on a surface and then digested using sequence-spe-
cific restriction enzymes. Enzymatic restriction map-
ping is a powerful method, developed by Schwartz and
co-workers, and was already used to aid in de novo
sequencing of full genomes, including the recently
published goat genome.?®2° A modified version of this
approach established it also as a potent tool for
epigenetic analysis of DNA methylation.'® Here, or-
dered restriction maps were built using methylation-
sensitive restriction enzymes, and methylation was
detected as the absence of an expected cut. This
method was used to map methylation sites in specific
loci of human embryonic stem cells.

Another approach is to utilize the specific molecular
recognition of some proteins to DNA modifications
such as methylcytosine. Riehn and co-workers used
Alexa-Fluor-568-labeled MBD proteins to detect regions

LEVY-SAKIN ET AL.

of DNA methylation (Figure 4b). They used a mixture of
methylated Lambda DNA with unmethylated Lambda
DNA to form hybrid concatamers.'®" The hybrid con-
catamers were imaged using a fluorescence micro-
scope that allowed detection of MBD binding
patterns and DNA fluorescence in two separate emis-
sion channels, revealing the pattern of methylated
versus unmethylated segments. In another report,
QD-immobilized MBD was used for single-molecule
mapping of methylated DNA (Figure 4c).'°? In their
work, Baba and co-workers incorporated five methyla-
tion sites onto unmethylated Lambda genomes using
BamHI MTase. They were able to resolve four out of the
five methylation sites by detecting MBD-QD fluores-
cence along the DNA molecules. These experiments
represent a major step toward single-molecule map-
ping of methylation patterns; however, since large
fractions of many bacterial, plant, and mammalian
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Figure 4. Single-molecule mapping of DNA methylation sites. (a) Enzymatic restriction mapping of methylation sites. The
applicability of the method was demonstrated on human embryonic stem cell DNA. Reprinted from ref 100. (b) Mapping of
methylation sites using MBD proteins labeled with Alexa-Fluor 568 dye, as seen on Lambda DNA concatamers. In green, DNA
stained with YOYO-1; in red, methylated Lambda DNA bound to labeled MBD proteins. Reprinted with permission from ref
101. Copyright 2011 American Institute of Physics. (c) Mapping of methylation sites using MBD proteins labeled with QDs.
Methylcytosines were incorporated onto Lambda genome at known sites using a Mtase enzyme and were detected using QD-
labeled MBD proteins. Adapted from Okamoto etal.,'* with permission. (d) Covalent labeling of 5hmC sites with a fluorescent
dye for single-molecule mapping in nanochannels. 5hmC sites were incorporated into the Lambda genome at known sites
using nick translation. A glucosyltransferase enzyme was used to attach an azido-modified sugar at each 5hmC site that was
further labeled with an alkyne-modified Alexa-Fluor dye by a click reaction (Ebenstein lab, unpublished).

genomes are methylated, it is expected that a large
amount of MBD proteins will be required for optical
mapping.

Recently, we have demonstrated single-molecule
mapping of 5hmC sites by covalent chemical labeling
of a fluorescent reporter molecule to the modified
base. Mapping was demonstrated by engineering a
specific hydroxymethylation pattern in Lambda DNA.
5hmC nucleotides were incorporated into the Lambda
genome in 10 known sites using nick translation with
Nt.BspQl. Next, using T4 fS-glucosyltransferase, an

LEVY-SAKIN ET AL.

azido-modified glucose was attached to 5hmcC sites.
The presence of an azide moiety allowed us to label
each of the modified sites with an alkyne-modified
Alexa-Fluor dye by a copper-free click chemistry reac-
tion. YOYO-1-stained DNA was extended on a modified
coverslip and imaged using fluorescence microscopy.
Individual fluorescent labels on Lambda genomes
were mapped at expected positions according to
known Nt.BspQl recognition sites. In order to over-
come some of the stretching inhomogeneity, similar
samples were also extended in silicon nanochannels,
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as shown in Figure 4d. In addition, we showed that this
method was sufficient to detect natural 5hmC sites on
stretched genomic DNA extracted from mouse tissues.
These results open up new avenues for single-mole-
cule epigenetic mapping relying on the robustness of
covalent labeling.

SUMMARY

Overall, we discussed the basic principles for reliable
mapping of epigenetic marks along genomic DNA. We
emphasize the importance of the sequence-specific
reference tags for internal calibration and genetic
barcoding. These may also allow mapping structural
variations in genomic DNA by visualizing the physical
pattern of short sequence motifs along DNA.2° When
combined with the visualization of an additional layer
of information such as protein-binding sites, optical
mapping provides the contextual information lacking
in bulk assays such as DNA arrays or sequencing.
Specifically, by investigating such patterns over long,
individual DNA molecules, new information regarding
the cooperative nature of certain binding proteins and
epigenetic DNA modifications, as well as variations
within individual chromosomes, may be examined.
Standard optical mapping approaches yield resolution
of about 1 kb, limiting the resolvable label density.
Super-resolution methods can improve the resolution
to about 100 bp,?° potentially increasing the informa-
tion content attainable by optical mapping. This may
enhance our ability to elucidate the presence of rare
subpopulations that are otherwise obscured by en-
semble averaging. Early detection of rare events may
facilitate targeted and early medical intervention and
may prove to be of particular relevance for diagnostic
and medical monitoring purposes. Advances in micro-
and nanomanipulation bring forward the prospect of
single-cell analysis. An exciting future direction for
optical mapping is an integrated approach for proces-
sing, labeling, and mapping of genomes from indivi-
dual cells.'®®

The field of single-molecule epigenomics is in its
infancy, and further development is needed in order to
achieve the goal of resolving the epigenetic composi-
tion of the genome (identity, layout, and occupancy).
Nevertheless, progress in nanofabrication and optical
imaging promises to boost research in this direction
toward a high-resolution, high-content view of the
genome and its composition on the single-molecule
level.
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