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previously been shown in both birds and butter-
flies that structural color can enhance pigment
color either by an additive or a contrast effect
(8, 16, 29, 30). This interplay of structure and
pigment may therefore also add to the diversity of
pollination cues utilized by the flowers of many
angiosperm species.
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We present single-molecule, real-time sequencing data obtained from a DNA polymerase
performing uninterrupted template-directed synthesis using four distinguishable fluorescently
labeled deoxyribonucleoside triphosphates (dNTPs). We detected the temporal order of their
enzymatic incorporation into a growing DNA strand with zero-mode waveguide nanostructure
arrays, which provide optical observation volume confinement and enable parallel, simultaneous
detection of thousands of single-molecule sequencing reactions. Conjugation of fluorophores to the
terminal phosphate moiety of the dNTPs allows continuous observation of DNA synthesis over
thousands of bases without steric hindrance. The data report directly on polymerase dynamics,
revealing distinct polymerization states and pause sites corresponding to DNA secondary structure.
Sequence data were aligned with the known reference sequence to assay biophysical parameters of
polymerization for each template position. Consensus sequences were generated from the
single-molecule reads at 15-fold coverage, showing a median accuracy of 99.3%, with no
systematic error beyond fluorophore-dependent error rates.

(1) uses DNA polymerase to incorporate
the 3’-dideoxynucleotide that terminates
the synthesis of a DNA copy. This method relies
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on the low error rate of DNA polymerases, but
exploits neither their potential for high catalytic
rates nor high processivity (2—4). Increasing the
speed and length of individual sequencing reads
beyond the current Sanger technology limit will
shorten cycle times, accelerate sequence assembly,
reduce cost, enable accurate sequencing analysis
of repeat-rich areas of the genome, and reveal
large-scale genomic complexity (3, 6). Alternative
approaches that increase sequencing performance

have been reported [(7—10), reviewed in (11, 12)].
Several of these methods have been deployed as
commercial sequencing systems (/3—16), which
have greatly increased overall throughput, enabl-
ing many applications that were previously un-
feasible. However, because these methods all
gate enzymatic activity, using various termination
approaches, they have not yielded longer sequence
reads (limited to ~400 nucleotides), nor do they
exploit the high intrinsic rates of polymerase-
catalyzed DNA synthesis.

The use of DNA polymerase as a real-time
sequencing engine—that is, direct observation
of processive DNA polymerization with base-
pair resolution—has long been proposed but has
been difficult to realize (7, 8, 17-22). To fully
harness the intrinsic speed, fidelity, and proces-
sivity of these enzymes, several technical chal-
lenges must be met simultaneously. First, the
speed at which each polymerase synthesizes DNA
exhibits stochastic fluctuation, so polymerase
molecules would need to be observed individually
while they undergo template-directed synthesis.
Because of the high nucleotide concentrations
required by DNA polymerases (20), a reduction
in the observation volume beyond what is afforded
by conventional methods, such as confocal or total
internal reflection microscopy, directly improves
single-molecule detection. Second, deoxyribo-
nucleoside triphosphate (ANTP) substrates must
carry detection labels that do not inhibit DNA
polymerization even when 100% of the native
nucleotides are replaced with their labeled coun-
terparts. Third, a surface chemistry is required that
retains activity of DNA polymerase molecules
and inhibits nonspecific adsorption of labeled
dNTPs. Finally, an instrument is required that can
faithfully detect and distinguish incorporation of
four different labeled dNTPs. Here, we provide
proof-of-concept for an approach to highly
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multiplexed single-molecule, real-time DNA se-
quencing based on the observation of the temporal
order of fluorescently labeled nucleotide incor-
porations during unhindered DNA synthesis by a
polymerase molecule.

For the observation of incorporation events,
we used a nanophotonic structure, the zero-mode
waveguide (ZMW), which can reduce the vol-
ume of observation by more than three orders of
magnitude relative to confocal fluorescence mi-
croscopy (20). This level of confinement enables
single-fluorophore detection despite the relatively
high labeled dNTP concentrations—between 0.1
and 10 uM—required by DNA polymerase for
fast, accurate, and processive synthesis. This range
produces average molecular occupancies between
~0.01 and 1 molecules for a ZMW 100 nm in
diameter (20, 23), compared with ~3 to 300 mole-
cules for total internal reflection microscopy (24-26).
The ZMW fabrication process was recently im-
proved, resulting in a higher yield of devices suit-
able for single-molecule sequencing (23).

Other DNA sequencing approaches have used
base-linked fluorescent nucleotides (7, 8, 14, 17,
20, 27, 28). These cannot be used in real-time
sequencing because they are poorly incorporated
in consecutive positions by DNA polymerase. In
contrast, when a fluorophore is linked to the ter-
minal phosphate moiety (phospholinked), phos-
phodiester bond formation catalyzed by the DNA
polymerase results in release of the fluorophore
from the incorporated nucleotide, thus generating
natural, unmodified DNA (21, 29-31). ®29 DNA
polymerase was selected for these studies because
it is a stable, single-subunit enzyme with high
speed, accuracy, and processivity that efficiently
uses phospholinked dNTPs (32). It is capable of
strand-displacement DNA synthesis and has been
used in whole-genome amplification, showing
minimal sequencing context bias (33). We intro-
duced site-specific mutations in the enzyme and
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devised a linkage chemistry that allows 100%
replacement of native nucleotides with four
distinct phospholinked dNTPs while retaining
near wild-type polymerase kinetics (32).

Recently, we reported a surface chemistry that
enables selective immobilization of DNA poly-
merase molecules in the detection zone of ZMW
nanostructures with high yield (34). Binding of
polymerase molecules to the side walls is inhib-
ited through the use of an alumina-specific poly-
phosphonate passivation layer. Here, an additional
biotinylated polyethylene glycol layer was used to
orient the polymerase and to prevent direct protein
contact with the silica floor of the ZMW (26).

Extensions in the state-of-the-art of single-
molecule detection were required to enable con-
tinuous, high-fidelity detection and discrimination
of four spectrally distinct fluorophores simulta-
neously in large numbers of ZMWs. We reported
a high-multiplex confocal fluorescence detection
system (35) that uses targeted, uniform multilaser
illumination of 3000 ZMWs through holographic
phase masks. The instrument uses a confocal
pinhole array to reject out-of-focus background,
and a prism dispersive element for wavelength
discrimination that provides flexibility in the choice
of fluorescent dyes used while transmitting >99%
of the incident light.

The architecture of our method is shown in
Fig. 1A. DNA sequence is determined by detect-
ing fluorescence from binding of correctly base-
paired (cognate) phospholinked dNTPs in the
active site of the polymerase (Fig. 1B). A fluo-
rescence pulse is produced by the polymerase
retaining the cognate nucleotide with its color-
coded fluorophore in the detection region of the
ZMW. 1t lasts for a period governed principally
by the rate of catalysis, and ends upon cleavage of
the dye-linker-pyrophosphate group, which quick-
ly diffuses from the ZMW detection region. The
duration of the fluorophore retention is much

longer than the time scales associated with diffu-
sion (2 to 10 ps) or noncognate sampling (<1 ms),
which manifest as a low and constant background
signal. Translocation prepares the polymerase ac-
tive site for binding of the subsequent cognate
phospholinked dNTP, which marks the beginning
of the next pulse. Thus, the interpulse duration is
a combination of the translocation and subsequent
nucleotide binding times. The sequence of fluo-
rescence pulses recorded in the plot of intensity
versus time is referred to as a read.

To illustrate the principle of our approach to
DNA sequencing, we used a synthetic, linear,
single-stranded DNA template with a two-base
artificial sequence pattern (Fig. 2A). Alternating
template sections that omitted either cytosine or
guanine were interrogated with their complemen-
tary phospholinked dNTPs, A555-dCTP and A647-
dGTP. Reactions were initiated by addition of
catalytically essential metal ions while collecting
movies of fluorescence emissions simultaneously
from an array containing 3000 ZMWs (movie S1).
Time-resolved fluorescence spectra are presented
for an example ZMW in Fig. 2B. For each movie
frame, these spectra were reduced by dye-weighted
summation to two values, representing the emis-
sion rate from each of the two phospholinked
dNTPs as a function of time (Fig. 2C).

Single-molecule events corresponding to
phospholinked dNTP incorporations manifested
as fluorescent pulses whose variable duration
reflected the enzyme kinetics and exhibited
stochastic fluctuations in intensity (because of
counting statistics and dye photophysics). The
reads contained pulses with the expected pattern:
alternating blocks of like-colored pulses corre-
sponding to the alternating blocks in the tem-
plate. Furthermore, we observed the hallmarks of
single-molecule fluorescent events: single-frame
rise and fall times at the start and end of the
pulse, respectively (<<10 ms), which facilitate

Fig. 1. Principle of single-molecule, real-time DNA sequencing. (A)
Experimental geometry. A single molecule of DNA template-bound ®29
DNA polymerase is immobilized at the bottom of a ZMW, which is illuminated
from below by laser light. The ZMW nanostructure provides excitation
confinement in the zeptoliter (1072* liter) regime, enabling detection of
individual phospholinked nucleotide substrates against the bulk solution
background as they are incorporated into the DNA strand by the polymerase.
(B) Schematic event sequence of the phospholinked dNTP incorporation cycle,

Time mmp

with a corresponding expected time trace of detected fluorescence intensity
from the ZMW. (1) A phospholinked nucleotide forms a cognate association
with the template in the polymerase active site, (2) causing an elevation of the
fluorescence output on the corresponding color channel. (3) Phosphodiester
bond formation liberates the dye-linker-pyrophosphate product, which
diffuses out of the ZMW, thus ending the fluorescence pulse. (4) The
polymerase translocates to the next position, and (5) the next cognate
nucleotide binds the active site beginning the subsequent pulse.
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pulse detection and base calling even when pulses
are close together (see, e.g., Fig. 2C, bottom right).
Pulse activity ceased after completion of the 123
total nucleotide incorporations needed to reach
the end of the linear template.

Read parameters for 10 representative mole-
cules as well as an entire data set from a ZMW
array are shown in table S1. The average DNA
synthesis rate for 740 single-molecule reads was
4.7 + 1.7 bases/s. Median and standard error
values for the fluorescence intensity were 7353 +
2970 (A555-dCTP) and 8408 + 3381 (A647-
dGTP) detected photons per second, yielding
signal-to-noise ratios of 24 + 10 and 25 * 10,
respectively. The observed pulse brightness showed
uniformity within individual traces consistent with

a stationary single-molecule process (modal co-
efficient of variation was 25%). When essential
reaction components were withheld (e.g., DNA
polymerase, primer/template, one or more phos-
pholinked dNTPs or metal ions), <0.01 pulses
ZMW™ s were observed, versus >1 pulses
ZMW" s7! for DNA polymerization conditions,
additionally confirming that fluorescence pulse
activity corresponded to DNA polymerase cata-
Iytic activity.

Immobilized enzymes in ZMWs maintained
high activity. In the current implementation, poly-
merase molecules are randomly distributed among
the ZMWs, leading to a Poisson distribution of
occupancy (34). At optimal loading, the distribu-
tion is 36.8% empty ZMWs, 36.8% with just one
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Fig. 2. Real-time detection of single-molecule DNA polymerase activity. (A) DNA template design for
two-base sequence pattern detection. The sequence of a linear, single-stranded DNA template was
designed to yield incorporation of alternating blocks of two phospholinked nucleotides (A555-dCTP and
A647-dGTP), interspersed with the other two, unmodified dNTPs. (B) Time-resolved fluorescence intensity
spectrum from a ZMW. Data from a 15 x 5 pixel area from each movie frame were spatially collapsed to a
15-pixel spectrum, which is shown as a function of time. The expected fluorescence emission profiles for
the two labeled nucleotides are shown at the right. The arrow denotes addition of the catalytic metal ion
that initiated the polymerization reaction. The complete data set from which the time trace was extracted,
containing 3000 ZMWs measured simultaneously, is shown in movie S1. (C) Corresponding fluorescence
time trace after spectral processing. Two regions are magnified and annotated with the expected
nucleotide incorporation sequence. Pulse heights show level setting with a coefficient of variation of 27%

and a maximal excursion of 61%.
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polymerase, and 26.4% with two or more. In this
experiment, ~35% of the ZMWs produced traces
indicative of single DNA polymerase occupancy,
of which 82% produced full-length reads. The
yield limitations inherent to random polymerase
immobilization could be exceeded using molec-
ular self-assembly to place a single polymerase in
each ZMW.

The real-time nature of the collected data
allows the kinetics of the enzyme to be directly
observed (fig. S1 and table S2). Single-polymerase
kinetic parameters from these two-color block
traces responded as expected when reaction
conditions were modified. Reduction of the pH
from 7.1 to 6.5 increased median pulse widths,
consistent with a decrease of the rate of phos-
phodiester bond formation (36). Increasing the
phospholinked dNTP concentration from 100 to
250 nM increased the median DNA synthesis
rate, consistent with rate-limited ANTP binding at
low concentration.

To investigate the potential of this method
for long-read DNA sequencing, we performed
a similar two-base signature sequence pattern
experiment using a single-stranded 72-base cir-
cular DNA template (Fig. 3A). The template was
designed such that cytosines were present on
only half of the circle, and guanines on the other
half. 29 DNA polymerase is highly processive
(>70,000 bases) without cofactors in bulk re-
actions (2). It will carry out multiple laps of DNA
strand-displacement synthesis around the circular
template and has been shown to retain this
activity in ZMWs (34).

A representative read (Fig. 3B) showed the
expected continuous signature sequence pattern
of alternating periods of A555-dCTP and A647-
dGTP pulses. Pulse characteristics were similar
to those described for Fig. 2 and remained uni-
form throughout a read. DNA polymerization
activity lasted for thousands of seconds, allow-
ing observation of several kilobases of DNA
synthesis (top axis, Fig. 3B). Occasional pauses
in DNA polymerization activity are visible as
gaps in the trace. The total synthesized DNA
length as a function of time (Fig. 3C) shows pe-
riods of different persistent polymerization rates
during these long reads. Two characteristic po-
lymerization rates of ~2 bases/s and ~4 bases/s
were determined, suggesting the existence of dif-
ferent long-lived polymerase modes that occa-
sionally and suddenly interconvert. No spatial
correlation in the polymerase speed was observed
across a ZMW array. Pulse characteristics under-
lying these two states were statistically identical,
with the exception of a decreased interpulse dura-
tion for the faster state (fig. S2). Similar behavior
was also observed using different combinations of
the fluorophores and bases and for templates with
different sequences (fig. S3), which implies that
these states are specific neither to the phospho-
linked dNTPs used nor to the sequence context.
Several prolonged observations were made in
these experiments, showing continuous polymer-
ase activity for more than 1 hour and >4000 bases
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