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Abstract

With the introduction of next-generation sequencing (NGS)
technologies in 2005, the domination of microarrays in
genomics quickly came to an end due to NGS's superior
technical performance and cost advantages. By enabling
genetic analysis capabilities that were not possible
previously, NGS technologies have started to play an
integral role in all areas of biomedical research. This
chapter outlines the low-quantity DNA/ cDNA sequencing
capabilities and applications developed with the Helicos
single molecule DNA sequencing technology.

Introduction

The era of first generation sequencing dominated by
Sanger sequencing (Sanger and Coulson, 1975) came to
an end with the introduction of the Roche/454 platform
(Margulies et al., 2005) in 2005, followed by the Solexa/
lllumina system (Bentley et al, 2008) in 2006 and the
Applied Biosystems SOLID system (Valouev et al., 2008) in
2007. These second generation sequencing (SGS)
technologies have enjoyed a warm welcome from the
scientific community. With such an enthusiastic customer
base and investments from the users and SGS companies
in technology and applications development, many novel
capabilities have been achieved within a very short
timeframe after their launch. SGS applications in
biomedicine have primarily been whole/targeted genome
sequencing, digital gene expression, DNA methylation
sequencing and copy-number variation. However, SGS
technologies have expanded to chromatin immuno-
precipitation sequencing (ChlP-seq), RNA immuno-
precipitation sequencing, whole transcriptome analyses,
single cell analyses, nucleic acid structure determination,
chromatin conformation analysis and many others (Mardis,
2008; Morozova and Marra, 2008). SGS technologies have
also been adapted beyond nucleic acid sequencing and,
for instance, to protein-DNA affinity measurements (Nutiu
et al., 2011), which may find frequent use in bio-medicine in
the future. In this chapter, the Single Molecule DNA/cDNA
Sequencing (SMDS) and Direct RNA Sequencing (DRS)
technologies developed and commercialized by Helicos
BioSciences Corporation are outlined. Detailed procedures
for the application of SMDS for low-quantity/attomole-level
DNA/cDNA sequencing applications, such as for ChiP-seq
(Goren et al., 2010) or circulating cell-free blood nucleic
acids (van den Oever et al., 2012), are also provided.
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Single molecule DNA/cDNA sequencing (SMDS) and direct
RNA sequencing (DRS) technologies

The first single molecule second- (or third-, depending on
the criteria used) generation sequencer was commercial-
ized by Helicos Bio-Sciences Corporation (Cambridge, MA,
USA) in 2007 (Harris et al., 2008). The system integrates
recent advances in automated single molecule fluorescent
imaging, fluidics technologies and enzymology, and
enables SMDS and DRS capabilities. The system is the
first and currently the only system that can sequence RNA
directly (e.g. without cDNA synthesis) in addition to DNA
and cDNA molecules (Ozsolak et al., 2009). The system
proved its value by enabling discovery of novel classes of
short RNAs (Kapranov et al.,, 2010), genome-wide
quantitative mapping of polyadenylation sites (Ozsolak et
al., 2010a), characterization of circulating tumour cells (Yu
et al., 2012), detecting fetal genetic abnormalities by
sequencing maternal plasma DNA (van den Oever et al.,
2012), ancient DNA sequencing (Orlando et al., 2011) and
many other biological and technical advances and
discoveries. The SMDS and DRS chemistry and operating
principles have been described in detail previously in
multiple publications (Harris et al., 2008; Ozsolak, 2012;
Ozsolak and Milos, 2011). Below is a brief summary from
the previous presentations of this technology.

The sequencing system consists of two main
components (Harris et al., 2008; Ozsolak, 2012): (i) flow
cells, which create an environment for template nucleic
acid attachment, sequencing chemistry steps and single
molecule fluorescence imaging, and (ii) the HeliScope™
sequencer, which is an integrated fluidics, optics (for
automated, fast and high-throughput imaging) and image/
data analysis system for introduction of sequencing
reagent formulations to the flow cells, taking single
molecule images and analysing the images in real-time
(e.g. during the sequencing run) to deduce read
sequences. Sequencing flow cell surfaces are coated with
poly(dT) oligonucleotides covalently attached at their 5'
amine ends to an epoxide-coated ultra-clean glass surface.
These oligonucleotides serve two purposes: (i) to capture
the 3' poly(A)-tail containing nucleic acids onto surfaces by
hybridization, and (ii) to prime and initiate the sequencing
steps. The current requirement for nucleic acid sample
preparation for this platform is the presence of a 3' poly(A)
tail >25-30 nucleotide (nt) in length and 'blocked' at its 3’
end against extension by the polymerase used in the
sequencing-by-synthesis steps. 3' polyadenylation and
blocking of DNA/cDNA templates is performed using
terminal transferase with dATP and dideoxyATP,
respectively. E. coli or yeast poly(A) polymerases with ATP
and 3'deoxyATP are used for RNA 3’ poly(A)-tail addition
and blocking. However, for the characterization of RNA
species that naturally contain a poly(A) tail for the purposes
of gene expression measurements, polyadenylation site
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mapping and other applications, such poly(A)-tail addition
is not required and direct hybridization of poly(A)+ RNAs to
surfaces can be performed. It is also possible to change
the poly(dT) oligonucleotides on the surface to other
nucleotides for the capture and sequencing of other targets
(for instance, for targeted selection and sequencing of
particular DNAs/RNAs of interest in a single step manner)
(Thompson et al., 2012).

After hybridization of templates to the poly(dT) surface
primers, to begin sequencing at the unique template region
adjacent to the poly(A)-tail, each primer—template pair is
'filled' in with thymidine triphosphate by a polymerase, and
then 'locked' in position with A, C and G Virtual
TerminatorTM (VT) nucleotides. VTs (Bowers et al., 2009)
are nucleotide analogues used for sequencing, containing
a fluorescent dye as part of a chemically cleavable group
that prevents the addition of another nucleotide. After
washing away the excess, unincorporated nucleotides, the
surface is irradiated with a laser at an angle that allows
total internal reflection at the surface. In such a situation,
an evanescent field is generated so that only molecules
very close to the surface are excited by the laser. This
reduces the background level of fluorescence such that
single molecules can be detected. After image acquisition
across desired number of positions per channel, the
locations of templates on the surface are recorded. The
liquid in each channel is replaced with a mixture that
cleaves the fluorescent dye and virtual terminator group off
the incorporated nucleotide, rendering the strands suitable
for further VT incorporation. The sequencing-by-synthesis
reaction consists of polymerase-driven cyclic addition of
the VTs in the C, T, A and G order. Each VT addition is
followed by a rinsing, imaging (to locate the templates that
incorporated the particular VT), and cleavage cycle.
Repeating this cycle many times provides a set of images
from which the base incorporations are detected and then
used to generate sequence information for each template
molecule. The sequencing operation principles described
above are common for both SMDS and DRS. However, the
components and conditions of chemistry and reaction steps
are different between the two. As a result, different
sequencing kits are provided for DRS and SMDS, and, at
this point, it is not possible to sequence DNA/cDNA and
RNA molecules concurrently in a single sequencing run.

Each SMDS and DRS run is currently performed with
120 VT-incorporation cycles and contains up to 50
independent channels, producing up to 25 million aligned
reads = 25 nt in length (up to 55 nt in length, median ~ 34
nt) per channel depending on the user-defined run time (1-
12days) and throughput (e.g. imaging quantity per
channel). Longer reads can be achieved by doing more
cycles of sequencing, although the quality and the yield/
efficiency of the sequencing reaction may decrease with
longer runs. Error rates are in the range of 4-5%,
dominated by missing base errors (~ 2—3%), while insertion
(~ 1%) and substitution (~ 0.4%) errors are lower.

The system's single molecule nature and low input
DNA/RNA requirements (400-1000 amol) are particularly
advantageous for settings with limited cell/nucleic acid
quantities (Goren et al., 2010; Ozsolak et al., 2010b). Its
avoidance of extensive manipulation steps (Figure 1) result
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in better coverage, minimal or no GC bias and higher
quantification and representation range for DNA and RNA
compared with other SGSs (Figure 2), even in ancient,
formalin-fixed paraffin-embedded tissue (FFPET) and other
highly degraded samples (Orlando et al., 2011). Helicose's
DRS today is the only technology that can avoid well-
known reverse transcription and sample manipulation
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Figure 1. ChlP-seq sample preparation and sequencing
steps with lllumina and Helicos SMDS technologies. Blue
lines: original/unamplified ChIP DNA; green lines: poly(A)
tails; pink lines: adaptors; red lines: amplified ChIP DNA,;
grey rectangles: sequencing flow cell surfaces. The figure
was reprinted with permission from the Nature Publishing
Group (Goren et al., 2010).
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Figure 2. Sequencing bias comparison. Normalized read density obtained from un-enriched input control 'whole cell
extract' (WCE) samples analysed by lllumina (blue) or Helicos (black) is plotted as a function of GC percentage for 100 bp
windows. A theoretical 'expected' distribution obtained by computational simulation is shown in red (Random). The Helicos
SMDS data show a relatively even distribution across 20—80% GC-content. The figure was reprinted with permission from the

Nature Publishing Group (Goren et al., 2010).

biases for sequencing RNAs. One advantage of DRS is the
universality of sample preparation steps for different
applications. In other words, unlike RNA sequencing
methods that require intermediate cDNA molecules and
different cDNA synthesis and sample manipulation steps
for short and long RNAs, DRS requires only 3’
polyadenylated templates. Thus, both short and long RNAs
can be sequenced together in a single experiment. The
system's short read lengths, up to 55 nucleotides (nts), lack
of paired read capability and error rate poses challenges in
certain applications such as alternative splicing detection,
microbiome sequencing and de novo genome sequencing.
The system may be altered to enable elevated read lengths
and paired reads in theory through minor modifications, but
the errors may not be improved significantly. This is largely
because the majority of the errors are caused by
fluorescent dye blinking during the imaging step and there
is no apparent remedy for this issue at present. The system
is capable of single step target selection and sequencing
(Thompson et al., 2012), which provides advantages in
targeted sequencing and diagnostics applications focusing
on gene sequencing. A modified version of the system has
been extended to proteomics (Tessler et al., 2009).

Materials

For reagents used, see Table 1. For equipment used, see
Table 2.
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Methods

This protocol is for the preparation of low quantity DNA/
cDNA samples for SMDS genome re-sequencing, ChIP-
seq and other applications (Goren et al., 2010). For
simplicity, the protocol assumes that the DNA/cDNA has
been fragmented into a desired size range > 50 nucleotides
in length. Satisfactory fragmentation results have been
obtained with DNA sheared by Covaris, Branson or Misonix
sonicators. DNA should be free of RNA contamination.
Extensive RNase digestion and clean up with a Reaction
Cleanup Kit are highly recommended (Qiagen, catalogue
no. 28204). DNA should be accurately quantitated prior to
use. The Quant-iT™ PicoGreen dsDNA Reagent Kit with a
Nanodrop 3300 Fluorospectrometer is strongly
recommended, but standard plate readers may also be
used.

Molecular biology-grade nuclease-free glycogen or
linear acrylamide can be used as carrier during ChIP DNA
clean-up/precipitation steps but carrier nucleic acids such
as salmon sperm DNA should not be added prior to tailing.

Poly(A) tailing reaction

1 Add the following components in the indicated order: 2
ul of NEB terminal transferase 10x buffer, 2 ul 2.5 mM
CoCI2, and 10.8 ul DNA/cDNA in nuclease-free water.

2 Heat the above mix at 95°C for 5min in a thermocycler
for denaturation, followed by rapid cooling on a pre-
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Table 2.1 Reagents
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Reagent

Recommended Vendor and Catalogue #

Terminal transferase kit

dATP

Biotin-ddATP

Non-poly(A) CARRIER OLIGONUCLEOTIDE
Bovine serum albumin

Nuclease-free water

Quant-iT™ PicoGreen dsDNA reagent

New England Biolabs M0315
Roche 11277049001

Perkin Elmer NEL548001

IDT

NEB B9001S

Ambion AM9932

Invitrogen P11495

Table 2.2 Equipment

Equipment

Recommended Vendor and Model

Thermal cycler

Refrigerated microcentrifuge
Aluminium blocks
Nanodrop 3300

Bio-Rad DNA Engine Tetrad® 2
Eppendorf 5810 R
VWR 13259-260

Thermo Fisher Scientific

chilled aluminium block kept in an ice and water slurry
(~ 0°C). It is essential to chill the block to 0°C in an ice/
water slurry and to cool the sample as quickly as
possible to 0°C to minimize reannealing of the
denatured DNA.

3 Mix the following reagents on ice and add to the 14.8
ul denatured DNA from step 2, to a total volume of 20
pl for each sample: 1 pl of NEB terminal transferase
(diluted 4-fold to 5 U/upl using 1x NEB terminal
transferase buffer),4ul of 50uM dATP and 0.2ul of NEB
BSA.

4  Place the tubes in a thermocycler and incubate at 37°C
for 1 h, followed by 70°C for 10 min to inactivate the
enzyme.

3' End blocking reaction

1 Denature the 20 ul polyadenylation reaction from step
4 from 'poly(A) tailing reaction' above at 95°C for 5min
in a thermocycler, followed by rapid cooling on a pre-
chilled aluminium block kept in an ice/water slurry (~
0°C).

2 For each sample, add the following blocking mastermix
to the denatured DNA from step 1, to a total volume of
30 pl: 1 pl NEB terminal transferase 10x buffer, 1 uyl 2.5
mM CoCI2, 1 pl NEB terminal transferase (diluted 4-

fold to 5 U/ul using 1x NEB terminal transferase
buffer), 0.5yl 200uM Biotin-ddATP, and 6.5 ul
nuclease-free water.

3 Place the tubes in a thermocycler and incubate at 37°C
for 1h, followed by 70°C for 20 min.

4 Add 2 pmol of the carrier oligonucleotide to the heat-

inactivated 30 pl terminal transferase reaction from
step 3. At this point, the sample may be stored at
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—-20°C or below for future use or hybridized to a seqg-
uencing flow cell directly. The carrier oligonucleotide is
added to the sample after the completion of the poly(A)
tailing and 3' blocking steps to minimize template loss
during the sample loading steps. It does not contain a
poly(A) tail and therefore does not hybridize to flow cell
surfaces. The sequence and length (preferably 50—
80mer) of the oligonucleotide can be chosen by the
user with the only sequence constraint being that it
should not interfere with a poly(A):poly-T hybridization.
3" blocking is preferred to ensure that the polyA tail is
not sequenced. The sequence 5-TCACTATTGTTGA
GAACGTTGGCCTATAGTGAGTCGTATTACGCGCGG
T[ddC]-3' has been used successfully as the Carrier
Oligonucleotide but many others can be used.

Flow cell hybridization and SMDS

The detailed procedures for sample loader usage, flow cell
rehydration, sample hybridization buffer, fill and lock steps,
software and sequencer usage are regularly updated and
the latest versions should be obtained from the
manufacturer. This section is intended to describe several
relevant details for the purposes of SMDS.

Hybridization of samples to flow cell channels is
performed in 7-100 yl volume. The samples are mixed
50:50 with 2 hybridization buffer provided in the SMDS Kit.
In general, 0.5-2 fmol of DNA/cDNA material is required to
optimally load each sequencing channel, although lower
quantities can be used for less than optimal aligned read
yields per channel. Following hybridization, the template
molecules are filled and locked and the flow cells are
moved to the HeliScope. The manufacturer-supplied
sequencing scripts offer the user the opportunity to run one
or two flow cells per run, to define the desired number and
location of channels to be sequenced, and to request the
desired imaging quantity (e.g. throughput) per channel (the
system currently allows up to 1400 fields of view per
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channel, with up to 25 million aligned reads = 25 nt in
length per channel).

Data analysis

The various programs and pipelines for the filtering,
alignment and downstream analyses of the data, and the
corresponding user manuals can be downloaded freely at
http://open.helicosbio. com. Briefly, an initial filtering step is
performed on the raw reads before initiating their alignment
to reference sequences. This filtering step involves the
following read selection steps:

1 SMDS generates reads between 6nts and 55nts in
length. Depending on the experimental goals, the
reference sequence complexity and size, a user-
defined minimum read length cut off is employed to
remove short reads that cannot be aligned reliably to
save computing time and power. = 25 nt cut-off is
routinely used for alignment to human and mouse
genomes. However, for smaller and less-complex
genomes, reads as short as 15 nt can be used.

2 Any 5 polyT stretches in the reads are trimmed. The
likely cause of such T 3 homopolymeric stretches is
incomplete fill with dTTP, leading to sequencing
initiation within the poly(A) tail. Therefore, 5' poly-T
trimming is preferred to minimize potential
misalignment events.

3 Because of flow cell surface imaging errors, artificial
reads that have a repetition of the VT-addition order
sequence (CTAG) may appear. Such reads are
eliminated during the filtering step.

Given that the majority of sequencing errors are due to
indels, an aligner that is tolerant to these types of errors
should be employed. We highly recommend the use of the
indexDPgenomic aligner (Giladi et al., 2010) and
downstream data analysis, genotyping and quantification
tools freely available at http://open.helicosbio.com. While
multiple aligners are available and can align SMDS reads,
including Mosaik (http://code. google.com/p/mosaik-
aligner/) and SHRiIMP (Rumble et al., 2009), the use of
these aligners may result in a reduction in actual aligned
reads due to their reduced ability to deal effectively with
indels.

SMDS ChlIP-seq and other application notes

The most robust performance with this protocol and SMDS
is generally obtained with 6-9 ng of DNA with an average
size of 400-500 nucleotides but 1ng or less can be used
successfully. This protocol has been successfully used for
sequencing of fetal DNA from 200-300pg of maternal cell-
free blood nucleic acids (van den Oever et al., 2012).
Because sequencing efficiency depends on the number of
free 3' hydroxyls that can be tailed, molarity must be
estimated for optimal performance. If the average DNA size
is shorter, correspondingly less mass of DNA should be
used. If more than 18 ng of DNA is available, only a fraction
of it should be used as too much DNA can result in sample
overloading and reduced yield. Since the yields of ChIP
DNA experiments vary greatly depending on multiple
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factors (antibody specificity, antibody affinity, ChIP
procedures, etc.), ChlP DNA quantity should be determined
prior to the polyA tailing reaction with the Quant-iT™
PicoGreen dsDNA Reagent Kit. Depending on the
hybridization mixture volume used, the processed ChIP
material is sufficient for loading 1-15 channels of a flow
cell. Yield is typically 7-12 M aligned reads per channel.
End-repair of ChlP DNA may be performed, but has a
variable and marginal impact on yield for most samples.
Nevertheless, end-repair must be performed on ChIP DNA
fragmented using micrococcal nuclease treatment, as this
enzyme leaves 3' phosphate groups that prevent tailing
with terminal transferase, or fragmentation methods leaving
high fraction of untailable/blocked 3' ends.
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