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Abstract

Background: Pausing of DNA polymerase can indicate the presence of a DNA structure that differs from the
canonical double-helix. Here we detail a method to investigate how polymerase pausing in the Pacific Biosciences
sequencer reads can be related to DNA sequences. The Pacific Biosciences sequencer uses optics to view a
polymerase and its interaction with a single DNA molecule in real-time, offering a unique way to detect potential
alternative DNA structures.

Results: We have developed a new way to examine polymerase kinetics data and relate it to the DNA sequence by
using a wavelet transform of read information from the sequencer. We use this method to examine how polymerase
kinetics are related to nucleotide base composition. We then examine tandem repeat sequences known for their
ability to form different DNA structures: (CGG)n and (CG)n repeats which can, respectively, form G-quadruplex DNA
and Z-DNA. We find pausing around the (CGG)n repeat that may indicate the presence of G-quadruplexes in some of
the sequencer reads. The (CG)n repeat does not appear to cause polymerase pausing, but its kinetics signature
nevertheless suggests the possibility that alternative nucleotide conformations may sometimes be present.

Conclusion: We discuss the implications of using our method to discover DNA sequences capable of forming
alternative structures. The analyses presented here can be reproduced on any Pacific Biosciences kinetics data for any
DNA pattern of interest using an R package that we have made publicly available.
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Background
The primary structure of DNA was first discovered in
1953 by Watson and Crick as a right-handed double
helix [1], commonly referred to as B-DNA. Since then,
other DNA structures have been discovered, some with
potential biological significance. These structures include
the left-handed double helix, Z-DNA, the triple-helix,
H-DNA, slipped-strand hairpin structures, cruciforms,
I-motifs and G-quadruplexes (reviewed in [2]). The bio-
logical significance of these structures remains disputed,
but compelling evidence for the biological function of two
of these structures exists: Z-DNA, which is associated
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with transcription and chromatin remodeling [3-7], and
more recently, G-quadruplex DNA which was visualized
in living cells and was associated with DNA synthesis [8].
Some of these non-B-DNA structures can be problem-

atic for polymerase-chain-reactions (PCR, [9]). Non-B-
DNA structures can interfere with polymerase, resulting
in a reduced rate of DNA synthesis [9-15]. Polymerase
impedance can introduce genotyping errors because
amplification biases can cause some alleles to be lost dur-
ing amplification, termed “allelic drop-out” [9,15]. Allelic-
dropout can be especially problematic when genotyp-
ing tandem-repeat sequences because expanded repeats,
known to cause disease, can be difficult to amplify. For
example, the promoter of the fragile-X mental retardation
gene, FMR1, contains a (CGG)n repeat that can inter-
fere with polymerase activity [16-18]. Expansion of this
repeat causes fragile-X disease [19]. Recently, the Pacific
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Biosciences sequencer has demonstrated the ability to
sequence these difficult repeats [18].
While these structures are of interest, both in-vivo

and in-vitro, there is limited knowledge about which
sequences have the potential to form non-B-DNA struc-
tures. Some of these structures have been studied in detail,
and methods exist to predict the sequences in which
they might form [20-24]. For example, the G-quadruplex
structure has been well characterized, and methods exist
to predict which sequences might form this structure
[20-22]. However, these prediction methods are not
definitive and some of these predicted structures may not
be thermodynamically stable.
Uncertainty about which sequences have the ability to

form non-B-DNA structures canmake PCR primer design
a challenge. Furthermore, if these structures have biolog-
ical significance, predicting where they might exist could
improve our understanding of genome function. If these
structures are interfering with DNA and RNA polymerase
in-vivo, then knowing where theymay form in the genome
will help us determine which regions could have reduced
rates of transcription and/or DNA replication, such as
those seen in [25,26]. This may be of special importance
for tandem repeat regions, where variation in tandem
repeat length is common and can determine the stability
of non-B-DNA structures [27]. Understanding how tan-
dem repeats of various lengths can form non-B-DNAmay
help us better predict when, where and how they can cause
disease.

Detecting DNA structure with polymerase
Polymerase pausing is associated with non-B-DNA struc-
tures in-vitro, and polymerase stoppage assays are a com-
mon and relatively inexpensive method to detect potential
non-B-DNA forming regions [12,28]. Polymerase typically
moves quickly along the DNAmolecule, with the absolute
speed depending on the system [13,29]. When it encoun-
ters a non-B-DNA structure, such as a G-quadruplex or
slipped strand structure, the polymerase pauses while the
structure is resolved [12-14,28,30]. Polymerase stoppage
assays can provide base-pair resolution for the positions
at which the pauses occur, but only examine stoppage in
bulk for a large number of DNA polymerase interactions
[12,28]. These assays do not provide realtime measure-
ments of pausing, and do not measure the pausing at
single-molecule resolution. Therefore, they can act as a
way of measuring polymerase pausing on average, but do
not detail the interaction between DNA and an individual
polymerase.
Realtime detection of potential DNA structures can be

accomplished with a nanopore device [31], or alterna-
tively by using polymerase with a FRET-based approach
[13]. However, these approaches have only been used for
a small number of sequences, and the data are not readily

available. Another method to detect DNA structure uses
the realtime polymerase kinetics of the Pacific Biosciences
sequencer [29,32]. Here we outline a statistical approach
bywhich polymerase kinetics can bemeasured and related
to the nucleotide content of the template DNA at multiple
scales using wavelets.

Measuring polymerase kinetics
If polymerase pausing can indicate potential non-B-DNA
structures, how should this pausing be measured? One
method might measure the rate of polymerization along
the sequence and search for regions of the sequence in
which the polymerization rate was slow. Another method
might examine the rate of change of polymerization,
searching for regions in which the polymerase was slow-
ing down. Both of these methods are encompassed with
the wavelet approach developed here.
Wavelet transformations of a sequence produce two

types of coefficients: smooth coefficients (si) and detail
coefficients (di). The smooth coefficients are weighted
sums, and the detail coefficients are the differences
between these weighted sums [33]. A major benefit of
the wavelet approach is that it produces these coefficients
at different scales, with each scale increasing by a fac-
tor of two, allowing polymerase kinetics to be measured
in regions of various sizes. The wavelet approach can be
compared to simply taking a moving average at various
scales, but has some distinct technical advantages (see
Methods).
We examine multiple scales because we have limited

knowledge about how polymerase interacts with non-B-
DNA structures. The distance between the structure and
the position at which the polymerase pauses is unknown.
Furthermore, a structure might cause pausing at a spe-
cific location, but may also have large scale effects on
polymerase kinetics by altering the surrounding sequence.
For example, when viewed under an electron microscope,
the regions around putative G-quadruplexes appear to
form single-stranded loops [34]. Measuring the poly-
merase kinetics on multiple scales allows us to examine
both fine-scale and course-scale interactions between the
polymerase and the DNA template.

Pacific Biosciences sequencer kinetics
The realtime polymerase kinetics of the Pacific Bio-
sciences sequencer provide an unprecedented view of the
interaction between polymerase and DNA. The sequencer
follows a polymerase and its interaction with a single
DNA molecule in a 100 nm well, detecting the tim-
ing of nucleotide incorporation with fluorescently labeled
deoxyribonucleoside triphosphates [29]. This detailed
recording of DNA synthesis allows modified nucleotides,
such as 5-methylcytosine and N-6 methyladenine to be
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detected in realtime [35-40]. Potential non-B-DNA struc-
tures can also be detected realtime, but previously only
hairpin structural regions have been examined [29,32].
The analyses presented here examine the polymerase

kinetics at each position in the genetic sequence. The
kinetics are dominated by the interpulse duration (IPD,
measured in seconds) between the adjacent nucleotide
reads [29,41,42]. By measuring the IPD at each nucleotide,
we examine how the kinetics are related to the sequence
composition. Both sequence composition and kinetics are
measured at multiple scales using the wavelet method.
A major benefit of using Pacific Biosciences sequence

data to uncover possible non-B-DNA regions is the vol-
ume of data produced in the sequencing process. The cur-
rent system outputs a large amount of data per sequenc-
ing run, tens of thousands of reads with average read
lengths of thousands of nucleotides. Sequencer kinetics
have beenmade available online [35,42], for example, from
the sequencing of entire bacterial genomes for six species
[35]. We use some of this available data in our analyses
here, from the E. coli whole-genome amplification [42].

Results and discussion
Correlations between nucleotide composition and kinetics
at multiple scales
We begin our analysis by examining how the nucleotide
composition is related to the kinetics. Using the wavelet
analysis we examine these kinetics at multiple scales,
for both the smoothed coefficients and the detail coef-
ficients. We convert the read information into wavelet
coefficients, for the nucleotide composition of the DNA
template, IPD and for the number of incorrect nucleotides
inserted (inserts) at each position in the aligned read. The
inserts may represent actual insertion errors, but are more
likely to represent sequencing errors [29]. The nucleotide
smooth wavelet coefficients can be understood as the den-
sity of each nucleotide (A, T, C and G) at the varying
scales, and the detail wavelet coefficients are the changes
in this density.
Figure 1 shows the pairwise correlations between

smooth wavelet coefficients (top right) and detail wavelet
correlations (bottom left), with positive correlations high-
lighted in red and negative correlations highlighted in
blue. The diagonal displays the relative power of the
wavelet coefficients, indicating the strength of ability to
test for correlations between the coefficients at that scale.
For all of the coefficients examined here, the finest scales
have the highest power.
In Figure 1 the correlations between the kinetics and

the nucleotide composition for the smooth coefficients
are found in the top row, and for the detail coefficients
in the leftmost column. These results indicate that only a
small amount of the variation in kinetics can be attributed
to the template nucleotide composition alone. Although

some nucleotides are slightly faster or slower than others,
the differences in their kinetics are not large.
These results also demonstrate the benefits of exam-

ining multiple scales; some of these correlations change
as the scale changes. For example, the density of the
nucleotide guanine is positively correlated with IPD at fine
scales, but at scales above 32 nucleotides the correlation
becomes negative (top right corner of Figure 1). In con-
trast, the change in the density of guanine is negatively
correlated with the change in kinetics, but only at the
finest and coarsest scales (bottom left corner of Figure 1).
However, these large-scale correlations must be inter-

preted carefully. The nucleotides are not evenly dis-
tributed throughout the genome and this can be seen in
the correlations between the nucleotide wavelet coeffi-
cients. Because only one nucleotide can be attributed to
each position in the genome, the correlations between
each nucleotide are negative at the finest scales. As the
scale increases we begin to see the nucleotide biases in
the sequence: adenosine and thymine are positively corre-
lated at large scales, and so are cytosine and guanine. This
indicates that some regions of the reads are enriched with
adenosine and thymine, and others enriched for cyto-
sine and guanine. This approach is slightly different than
measuring C/G (A/T) content, as the cytosines and gua-
nines (adenosine and thymine) are enriched together on
the same strand. These large-scale nucleotide biases could
be partially responsible for the change in the correlations
between kinetics and nucleotide composition between
scales.
Thismethod of sequencer read interpretation provides a

novel way to view polymerase kinetics. By examining coef-
ficients for regions of increasing size we find that some
properties of the kinetics are scale variant. For example,
the IPD and insert count are slightly positively corre-
lated, and this correlation increases with the scale. There-
fore, regions in which the polymerase moves slowly have
slightly more insertion errors, and this becomes more
pronounced as the region size increases. This method
breaks the reads down into regions of varying size, but
does not attribute values to individual nucleotides in the
sequencer read. Therefore, it is only useful for examining
correlations within the reads.

Examining kinetics in a 128 nucleotide window
To examine how scaled values of the kinetics are related
to individual nucleotides in the reference sequence, we
use a slight modification of the standard wavelet approach
(termed non-decimated wavelet transform, [43]). This
approach allows the wavelet coefficients to be attributed
to specific locations in the read. To localize the scaled
values, we have developed a method that weights each
nucleotide with the values of the IPD of the previous
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Figure 1 Correlations between wavelet coefficients. The Pearson’s correlation between all of the wavelet coefficients are shown for scales from
2 nucleotides to 2046 nucleotides. Red indicates a positive correlation, blue a negative correlation. The correlations between detail coefficients are
on the bottom, and the correlations between smooth coefficients are on the top. The power for the detail coefficients is in the diagonal, indicating
the relative variation at the different scales. The most easily interpreted results are on the top row, in which correlations shown here are similar to
correlations between densities in a sliding window. The frequency of each base in these reads is 25%. Only reads longer than 1,000 nucleotides were
used to avoid complications caused by boundaries between reads. A total of 223 nucleotides were examined (approximately 8.4 million nucleotides).

nucleotides, including more of the previous nucleotides as
the scale increases. We chose this approach because mod-
ified nucleotides primarily influence the polymerase as it
approaches the nucleotide of interest [41,42]. Similarly, as
the polymerase approaches a non-B-DNA structure, we
expect pausing to occur before the polymerase reaches the
nucleotides that are involved in the structure.

We use this approach to examine specific patterns of
interest and their surrounding region. These patterns are
found at multiple places in the E. coli genome, and we
aggregate these different regions together to produce a
signature of the combined regions. We are not particu-
larly interested in the regions surrounding these patterns,
and would expect that combining their kinetics would
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result in a plot that appears similar to the average kinetics
of the entire genome. In this way, we can visually com-
pare the kinetics within the sequences of interest to their
surrounding region.
Our primary interest is in the kinetics within the pattern

of interest. While the immediate surrounding nucleotides
are likely to influence these kinetics, at least slightly,
we assume that if a non-B-DNA structure exists within
these patterns, its existence does not depend on the sur-
rounding regions. We examine these kinetics only at the
finest scales: the raw IPD values, the 2 nucleotide smooth
wavelet coefficients, and the 4 nucleotide smooth wavelet
coefficients. The raw IPD values provide a picture of
how the polymerase moves through these patterns at
the single nucleotide scale. The smooth values provide
an alternative way to examine if the region is slowing
the polymerase kinetics, using measurements of consec-
utive IPD values within reads. Scaling is important when
searching for pause regions. The polymerase may often
pause at a specific nucleotide, but if these pauses coincide
with faster polymerase activity in the surrounding region,
then the regional speed of the polymerase might be nor-
mal. By combining the kinetics of consecutive nucleotides
within a read, we can detect if a region slows polymerase
activity.

Kinetic patterns around (GGC)n repeats
Tandem repeats composed of (GGC)n have the poten-
tial to form non-B-DNA structures, but the structures
that they can form depend on their length ([26,44-46],
reviewed in [47]). Short (GGC)n repeats can form sta-
ble quadruplexes (e.g., Figure 2), while longer repeats
form a hairpin-like structure with some similarity to
the G-quadruplex structure [26,44-46]. These struc-
tures may form in-vivo, impeding DNA replication
[26,48]. Expanded (GGC)n repeats are difficult to geno-
type because of their impact on polymerase activity

Figure 2 Guanine tetrad and parallel G-quadruplex. A tetrad
formed by four guanines shown on left, with hydrogen bonds
indicated by thin lines. These tetrads can stack to form
G-quadruplexes, shown on the right. The G-quadrupluex shown has
all of its strands in parallel, as indicated by the arrows connecting the
two tetrads. (Image not to scale.).

[16,17,30,48-50] but these repeats can be sequenced
with Pacific Biosciences technology [18]. Intriguingly, the
Pacific Biosciences sequencer kinetics of the fragile-X
repeats have strand asymmetry. When the template is
(GGC)n, the polymerase is slower, and has a higher vari-
ance, than when the template is (CCG)n [18], as would be
expected if the G-rich template is forming a non-B-DNA
structure.
Here we examine the kinetics of the sequence

(GGC)3GG, which can be found at 27 locations in the E.
coli genome. The E. coli genome does not contain long
(GGC)n repeats, although the repeats examined here have
the ability to expand, and some strains of E. coli contain
expanded (GGC)n repeats [51]. This sequence is capa-
ble of forming a G-quadruplex structure with two stacked
guanine tetrads (Figure 2). These G-quadruplexes can
take various forms, but require the planar guanine tetrads
to coordinate. If the strands of the quadruplex are found in
parallel (as seen in Figure 2) then the guanines are in the
anti position, just as they are in normal B-DNA. However,
if any of these strands run anti-parallel, some of the gua-
nines must be in the syn position, up-side down from their
normal orientation [2]. The effect that syn nucleotides
have on polymerase kinetics is unknown.
The kinetics around this repeat sequence suggest that

a non-B-DNA structure is present (Figure 3). Pauses
occur just before the sequence, and then again three
times within the sequence. All of the pauses occur at
the base immediately preceding the pairs of guanine. If a
G-quadruplex were present in these reads, the cytosines
would form the “loops” of the G4 structure. These pauses
are striking because of their magnitude. At the slowest
position, the first cytosine in the sequence, 10% of the
reads have an IPD value of four seconds or greater, and
5% have an IPD greater than 8 seconds. In comparison,
the IPD in most of surrounding region rarely has IPD val-
ues over 1 second. Nearly identical results were found
in (GGC)3GG sequences using other Pacific Biosciences
data (results not shown).
Using wavelet smoothing, the cumulative speed of the

polymerase in the region can be measured. The smoothed
wavelet coefficients represent the weighted sums within
each read for the nucleotide and the nucleotides pre-
ceding it. The smoothed results here indicate that the
region slows the polymerase. For most of the surround-
ing sequence, the smoothing removes the variation in
the kinetics. However, there is a pause region around
nucleotide 85 in the window that may represent another
structure present in one or more of the regions examined.
The regions surrounding these repeats were not examined
further.
Importantly, the pausing here is strand specific. The

opposite strand, composed of (CGG)3CC, does not
present any impedance to the polymerase and the kinetics
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IPD−wavelet for GGCGGCGGCGG (1217 reads in 27 regions)
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Figure 3 Kinetics around CGG repeats. These three graphs show the average polymerase kinetics and their quantiles for the sequence
GGCGGCGGCGG, found in 27 regions in the E. coli genome. The top graph shows the raw IPD values for the region, representing the time between
base calls, in seconds. In the middle and bottom graphs, the 2 bp (4 bp) smoothing represents wavelet smoothing over a two (four) nucleotide
region within the reads. The smoothed values can be thought of as similar to average polymerase kinetics over the 2 bp and 4 bp windows. For each
measurement, the black vertical lines are the 90% quantile, the grey vertical lines are the 95% quantile. A total of 1217 reads were used in the analysis.

in this sequence are nearly indistinguishable from the sur-
rounding region (Figure 4). This rules out C/G content
or presence of CpG dinucleotides as the sole cause of the
pausing around the (GGC)n repeat region.
Without further experimentation, we cannot conclude

that G-quadruplexes are present in these reads with
certainty. However, the pattern of kinetics around the

sequence examined appear strikingly similar to what
would be expected if a G-quadruplex were occurring.
Further work will be necessary to determine whether
these pauses are in fact quadruplexes, or whether another
structure is present. Nevertheless, something is causing
the polymerase to slow down in the region, suggesting a
non-B-DNA structure is present.
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IPD−wavelet for CCGCCGCCGCC (1222 reads in 27 regions)
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Figure 4 Kinetics around CCG repeats. These three graphs show the average polymerase kinetics for the sequence CCGCCGCCGCC, found in 27
regions in the E. coli genome. A total of 1222 reads were used in the analysis. The top graph shows the raw IPD values for the region, in seconds. In
the middle and bottom graphs, the 2 bp (4 bp) smoothing represents wavelet smoothing over a two (four) nucleotide region within the reads. For
each measurement, the black vertical lines are the 90% quantile, the grey vertical lines are the 95% quantile. Note that the scale here is much smaller
than that of the previous figure.

Kinetic patterns around (CG)n repeats
Z-DNA is a left-handed double helix that, roughly speak-
ing, can form in alternating purine-pyrimidine sequences
with a G/C content above 50% ([23,24] reviewed in [52]).
Z-DNA has a zig-zagging backbone, and its guanines are
found in the syn position, formingHoogsteen base-pairing
with their corresponding cytosines [52]. Z-DNA can be
induced in these sequences if they are under torsional

strain [3], even in minute amounts [53]. Z-DNA can
cause transcriptional blockage, but only under torsional
strain [54].
The tandem repeat (CG)n is the most stable Z-DNA

forming sequence, and longer repeats are more likely to
form Z-DNA [52]. However, repeats as small as (CG)3
have been shown to form Z-DNA [55]. The E. coli
genome contains 9 regions with the repeat (CG)5. Because
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the repeat is palindromic, there are 18 different unique
regions with this pattern (9 forward strand, 9 reverse
strand). As before, we aggregate these regions together to
examine their kinetics.
The kinetics within this repeat produce an interesting

pattern (Figure 5). Most of the cytosines in the repeat
region have a slightly high average IPD value, while the
guanines have a slightly lower average IPD value. More
interesting, the cytosines can sometimes have an IPD over

1 second. As indicated by the vertical bars in Figure 5, 10%
of the IPD values at most of the cytosines are over 1 sec-
ond, and 5% are greater than approximately 2 seconds in
duration. In contrast, the majority of the IPD values at the
guanines are very small (most of their 90% and 95% ranges
are less than 0.5 seconds).
Though interesting, these results are not strong evi-

dence that any non-B-DNA structures occur in these
repeat regions. This region does not cause obvious

IPD−wavelet for CGCGCGCGCG (746 reads in 18 regions)
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Figure 5 Kinetics around CG repeats. These three graphs show the average polymerase kinetics for the sequence CGCGCGCGCG, found in 18
regions in the E. coli genome. A total of 746 reads were used in the analysis. The top graph shows the raw IPD values for the region, in seconds. In
the middle and bottom graphs, the 2 bp (4 bp) smoothing represents wavelet smoothing over a two (four) nucleotide region within the reads. For
each measurement, the black vertical lines are the 90% quantile, the grey vertical lines are the 95% quantile.
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polymerase pausing, as indicated by the smoothed wavelet
values. The alternating high and low IPD values sug-
gests that the backbone may be in a unique formation
and/or some of the guanines may be in syn. However,
most sequences have a unique kinetic signature [32,41,42]
and these results might simply be the signature of this
sequence in its B-DNA form.
Z-DNA might partially account for the kinetics seen

here. However, if Z-DNA is having an effect, it is more
likely to have been present before the polymerase reached
the repeat region, leaving some or all of the guanines in the
syn position and the DNA backbone in a zig-zagging form.
Therefore, these kinetics might not represent Z-DNA, but
rather an intermediate structure that has a unique kinetic
signature. Further experimentation might be able to stabi-
lize Z-DNA within the sequencer, helping to determine if
and how it affects polymerase kinetics.

Potential applications
Knowing which sequences can pause polymerase can
be useful, especially for tandem repeats. In PCR, allelic
dropout can cause genotyping errors if a heterozygote
has one allele that causes pausing and another that does
not. Alleles that replicate slowly can be out-competed by
faster alleles. If a guanine rich tandem repeat is the tar-
get, this allelic dropout can be especially problematic [15].
By predicting which sequences cause polymerase pausing,
methods can be employed to avoid allelic-dropout in PCR
amplification [15,56,57].
Even if PCR is not used, polymerase pausing may nev-

ertheless introduce genotyping errors. If one allele causes
a large amount of pausing in the Pacific Biosciences
sequencer, then its coverage will be reduced. If cover-
age is low, then an allele that pauses might appear as a
sequencing error because it will be covered at a lower fre-
quency than alleles that do not cause pausing. The extent
to which this will be a problem for sequencing has yet
to be determined, but relative rates of sequencing should
be considered as a potential source of sequencing errors,
especially in tandem repeat sequences where changes in
tandem repeat number can alter non-B-DNA forming
potential [27].
With the large amount of Pacific Biosciences sequencer

kinetics available, new pause sites can be uncovered.
These pause sites might be regions of non-B-DNA for-
mation, and could be targeted for further research on
non-B-DNA structures. While the exact structure that
forms in the sequencer may never be determined, the
important fact remains that these sequences can cause
DNA polymerase pausing, and this has implications for
PCR as well as our understanding of genome function. If
RNA polymerase pauses at these regions in a similar man-
ner, then the pausing seen in the sequencer might indicate
regions where DNA has an intrinsic ability to reduce gene

expression, as has been found for G-quadruplex sequences
[58,59]. If the DNA structure is acting as a polymerase
speed-regulator [25], then someDNA sequences would be
intrinsically more difficult to transcribe and/or replicate.
This has the greatest implication for regions with tan-
dem repeats, because tandem repeat variation is common
due to the high rate of tandem repeat expansion and con-
traction, and these common polymorphisms can result in
variation in DNA structural potential [27].
Human promoters are enriched with sequences pre-

dicted to have G-quadruplex forming potential [60]. Pro-
moter G-quadruplexes are associated with transcriptional
pausing [59,61] and appear to affect relative rates of gene
expression [62,63]. Some of these promoter G-quadruplex
regions are composed of tandem repeats [64]. When these
quadruplexes are on the template strand, they have the
ability to pause RNA polymerase and reduce the rate of
transcription. If a tandem repeat with quadruplex form-
ing potential were to expand, it could potentially result in
an allele that is nearly incapable of being transcribed. By
examining how tandem repeats cause polymerase pausing
in Pacific Biosciences sequencer reads, we might better
predict which tandem repeats impede gene expression.
Ultimately, the ability of a sequence to pause polymerase

may be directly related to mutation rates. Secondary
structures are related to DNAmutation, especially around
tandem repeats [51,65]. In E. coli, the formation of DNA
hairpins is associated with tandem repeat instability on
the leading strand of DNA synthesis [51] and non-B-DNA
forming sequences can increase the local rate of mutation
[65]. By improving our ability to predict which sequences
form non-B-DNA structures, wemay better predict where
mutations will occur.
Finally, research into how DNA structures can pause

polymerase in the Pacific Biosciences sequencer may be
useful for predicting modified nucleotides. If different
structures are present in different reads, then accounting
for these different states could improve detection of mod-
ified nucleotides. This is especially interesting considering
that nucleotide modification can influence non-B-DNA
structural formation and stability. For example, Z-DNA
is stabilized by cytosine methylation [66-68]. Modified
nucleotides were not present in the DNA that was used in
this analysis.

Limitations and potential improvements
Other models of Pacific Biosciences polymerase kinetics
utilize local sequence context to detect base modifica-
tions [41,42]. Unlike those methods we do not thoroughly
examine all possible sequences to model the kinetic vari-
ation between different sequence contexts. Their meth-
ods also provide a statistical method by which modified
nucleotides can be detected. In contrast, our method does
not claim to offer statistical detection of alternative DNA
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structures. We simply offer a way by which sequence
can be examined for polymerase pausing in Pacific Bio-
sciences kinetics, something not offered by previous mod-
els.We are unaware of any other software that allows users
to determine whether long pauses (e.g., over a few sec-
onds) are common in their sequencer results. Therefore,
here we offer a method by which sequencer kinetics can
be explored for polymerase pausing, which may be caused
by non-B-DNA structures.
Further experimentation is required to conclusively

demonstrate that specific alternative structures are
involved in these polymerase pauses. One such experi-
ment would compare two nearly identical sequences: one
with the ability to form a G-quadruplex, the other with
a few key base-pairs disrupted to prevent any alterna-
tive structure formation. In such an experiment, extensive
pausing would not be expected in the non-G-quadruplex
sequence. To ensure that the sequence difference itself
was not the cause of the difference in pausing, vari-
ous different stable G-quadruplex and non-G-quadruplex
sequences could be examined. Ideally sequences known
to have stable G-quadruplex formation would be used.
This type of experimentation could be extended to exam-
ine how modified nucleotides might influence alternative
DNA structures by including modified nucleotides in the
constructs examined. All of these experiments could be
further verified by utilizing other DNA structure detec-
tionmethods, such as simple polymerase pause assays.We
hope themethods and software we have provided here will
be useful in these potential future experiments.
The wavelet model used here has the potential to be

developed further to allow computationally efficient mod-
eling of the kinetics at multiple scales. Regions which
show polymerase pausing can then be targeted for more
intricate models of the potential DNA conformations.
Our analyses here suggest that these polymerase kinet-
ics provide an unprecedented view of DNA structure,
and as more Pacific Biosciences data becomes available,
methods examining non-B-DNA structure can be refined.
Furthermore, these methods can also be applied to other
approaches, such as the FRET based approach to measur-
ing polymerase speed [13] or nanopore based detection of
non-B-DNA structure [31].

Conclusions
We have developed a method to examine polymerase
kinetics using a wavelet transform. This method, applied
to Pacific Biosciences sequencer kinetics, can be used to
examine polymerase pausing in the sequencer. We found
pausing that may be caused by alternative DNA struc-
tures present in the sequencer. We hope these and future
results will improve our understanding of DNA chem-
istry and its relationship to polymerase activity. To aid
other researchers studying Pacific Biosciences kinetics, we

have released a package for R on GitHub that allows the
analyses presented here to be repeated for any DNA pat-
tern of interest on any Pacific Biosciences kinetics data
(see Methods).

Methods
Data
Sequencing data from the whole genome amplification
of E. coli genome were used, taken from the support-
ing information of [42]. These data are currently available
from Pacific Biosciences at: http://www.smrtcommunity.
com/Share/Datasets Native DNA (untreated DNA from
the E. coli genome) was not used in our analyses here
because modified nucleotides present in native DNA
affect kinetics and have an unknown effect on alterna-
tive DNA structure formation. Repeating our analyses on
native DNA produces similar results to those presented in
the manuscript (data not shown).

Decimated wavelet transform
We examine properties of a sequence, S, with a length N
(i.e., S = {s1, s2, ..., sN }). To simplify the wavelet approach
we assume that N is a power of two, but modified wavelet
approaches permit sequences of any length [33]. A dec-
imated wavelet decomposition of the sequence results
in a set of coefficients for each scale, j, where j ∈
{1, 2, ..., log2(N)} = J . These coefficients take two forms,
the smooth coefficients, sjk , and detail coefficients, d

j
k . The

smooth coefficients are generated with a low pass filter,
H, and the detail coefficients are generated with a high
pass filter, G, applied recursively to generate coefficients
for each scale [33,69]. The equations for the low and high
pass filters can be written as:

sj+1
k =

∑
l
hls

j
2k−l (1)

dj+1
k =

∑
l
gls

j
2k−l (2)

For k = 1, 2, ...,N/2j, where h and g represent the
wavelet filter used to transform the sequence. For this
study we chose the Haar wavelet filter [70]. The Haar
wavelet is the simple and easily understood. Addition-
ally, the Haar wavelet can easily detect sharp changes
that occur in the sequence [33]. For the Haar wavelet,
h0 = h1 = 1/

√
2 and g0 = −g1 = 1/

√
2 (l ∈ {0, 1}).

For clarity, we denote each scale of each coefficient by
the size of its region, so our scales are {(2), (4), ..., (N/2)}
(e.g., coefficients at the 2 base-pair scale are denoted as
s(2)i and d(2)

i ). As an example, we apply the low pass fil-
ter (1) and high pass filter (2) to produce the smooth and

http://www.smrtcommunity.com/Share/Datasets
http://www.smrtcommunity.com/Share/Datasets
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detail coefficients for the 2 nucleotide scale using the first
positions:

s(2)1 = 1√
2
(s1 + s2) (3)

d(2)
1 = 1√

2
(s1 − s2) (4)

To find the coefficients at higher scales, the filters
are applied to the coefficients of the previous scale. For
example:

s(4)1 = 1√
2

(
s(2)1 + s(2)2

)
(5)

Compare this method to simply taking average values
for each region. The average value at the 2 nucleotide scale
is simply: s(2) = (1/2)(s1 + s2). The average value at the
4 nucleotide scale becomes: s(4) = (1/2)

(
s(2)1 + s(2)2

)
=

(1/4) (s1 + s2 + s3 + s4). Just like the smooth coefficients
in the wavelet transform, taking averages like this pro-
duces smoothed values at multiple scales. However,
wavelets have a distinct advantage here. By the law of large
numbers, average values using large window sizes have
less variation than those using smaller window sizes. using
averages could result in a near complete loss of variation,
and thus power, at higher scales. Many wavelet analyses
do not have this drawback [33].
This is a feature of the decimated wavelet transform,

known as orthonormality of the wavelet basis. Techni-
cally, if an orthonormal wavelet basis (e.g. Haar transform)
is used, E(d) = 0 and E(d2) = 1 for all scales [69,71].
Orthonormality allows us to examine variation specific to
each scale and also to independently examine relation-
ships between different sequence properties at different
scales. This approach is used in signal processing for com-
pression of video and audio signals, and is often referred to
as multi-resolution analysis [33]. Wavelets have also been
used to analyze properties of DNA and protein sequences
[64,72-75], for example examining how different elements
in the genome are related [64,72].
The number of coefficients at each scale is half of that

of the previous scale. Therefore, the decimated wavelet
coefficients can be attributed to regions of size j, but not
individual nucleotides in the sequence. This has the dis-
advantage of being shift-variant, so that if the sequence
is shifted by one nucleotide, the wavelet coefficients will
change. However, we do not believe that shift-variance is
an issue for our analysis here. We generate coefficients
within the reads for: nucleotide composition, polymerase
kinetics and insert error. The reads do not all begin at
the same place in the sequence, so the wavelet coefficients
do not all originate from the same place in the sequence.
Therefore this approach is nearly shift-invariant in the
DNA sequence, but not in the read.

We limit our analysis to reads longer than 1000
nucleotides and concatenate the reads together, trimming
the resulting vector to its nearest power of two (here 223
nucleotides). Some of the resulting wavelet coefficients
span the boundaries between reads, but we do not feel the
low number of these discontinuities create a problem for
the resulting analysis.

Wavelet interpretation of DNA nucleotides
We convert DNA sequences into a wavelet interpreta-
tion so that we can compare wavelet coefficients of the
sequence kinetics with nucleotide composition of the
read. Nucleotide composition can be seen as a vector
in which the nucleotides of interest have a value 1 and
all other positions have a value of 0. For example, the
sequence 5’-ACTG-3’ can be seen as a set of four vectors
for each nucleotide: A = {1, 0, 0, 0},C = {0, 1, 0, 0},T =
{0, 0, 1, 0},G = {0, 0, 0, 1}). Each of these vectors can
then be transformed with the wavelet decomposition to
form wavelet coefficients for each nucleotide. The same
approach can be used to examine any sequences of inter-
est. We examine correlations between the wavelet coef-
ficients for each factor using Pearson’s product moment
correlation.
The power of the wavelet coefficients at any scale is

measured as the relative contribution of the sum of the
squares of the detail coefficients at that scale to the total
sum of squares:

Powerj =
∑

i

(
d(j)
i

)2

∑
j
∑

i

(
d(j)
i

)2

Non-decimated wavelet transform
The shift-variance of the decimated wavelet transform
becomes an issue when we want to attribute wavelet
coefficients to specific nucleotides in the sequence. To
overcome this issue, a non-decimated wavelet transform
was used for the 128 nucleotide window analysis [43].
The non-decimated wavelet produces wavelet coefficients
at each position in the sequence by using a decimated
wavelet transform on each possible shift. The result is a
set of wavelet coefficients representing scaled values at
each nucleotide for each scale. The resulting wavelet basis
is no longer orthonormal, although orthonormal sets can
be extracted [43]. The resulting values are similar to those
computed with the decimated approach above, because
this approach is decimated in the sequencer reads not
the DNA sequence. The difference here being that coeffi-
cients are generated for all possible shifts in the sequence,
and then attributed to specific nucleotides in the reference
sequence.
We modify the standard approach slightly here so that

the results are more applicable to polymerase kinet-
ics. The non-decimated approach attributes each wavelet
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coefficient to the position in which that coefficient starts.
This results in a value that is, for the Haar basis, the
weighted sum of the value at that position and the values
at the downstream nucleotides. If we used this method
to measure polymerase kinetics, the scaled rate of poly-
merase activity at a specific nucleotide would depend on
the rate at nucleotides that have yet to be sequenced. So
for all positions i in the sequence, the non-decimated high
pass filter for the 2 nucleotide scale would be:

s(2)i = 1√
2
(si + si+1)

This would attribute pauses to positions upstream of
the pause site. This is the opposite of the current model
of Pacific Biosciences polymerase kinetics, in which mod-
ified nucleotides primarily influence the kinetics before
the modified nucleotide is sequenced, as it enters the
polymerase, [41,42]. If we are to stipulate that a DNA
structure might influence the kinetics as the polymerase
approaches the structure, and not after the structure has
been sequenced, then we should attribute pauses to the
nucleotides at which they occur and the region down-
stream of these nucleotides. This is achieved here by
simply reversing the sequence before it is transformed.
Following from the example above, if we reverse the
sequence before transformation, the coefficient becomes:

s(2)i = 1√
2
(si−1 + si)

The lack of symmetry of the transform is beneficial
in this case, but is not entirely necessary for all wavelet
approaches. The Daubechies least-asymmetric transforms
can be used in cases for which greater symmetry is desired
[69].

R package for analyzing Pacific Biosciences data
All analyses were performed using custom R scripts [76],
that use the package Wavethresh [77]. These analyses can
be reproduced for any Pacific Biosciences data using an
R package that can be found with installation instruc-
tions at: https://github.com/sterlo/kineticWavelets. This
package provides a general method for analyzing Pacific
Biosciences polymerase kinetics for any DNA pattern of
interest, and allows DNA patterns to be defined using
regular expressions. The use of regular expressions pro-
vides flexibility in a DNA pattern definition. This flex-
ibility is useful for examining sequences predicted to
form various DNA structures, because the patterns pre-
dicted to form various structures can be highly variable.
For example, a stable G-quadruplex is often defined
as: (GGG) (N) 1−7 (GGG) (N) 1−7 (GGG) (N) 1−7 (GGG)

which can be defined with the regular expression:
“(GGG(.){1,7}GGG(.){1,7}GGG(.){1,7}GGG)”. We hope

this package will be used by others to analyze potential
non-B-DNA structures in Pacific Biosciences data.
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