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Zero-mode waveguides provide a powerful technology for study-
ing single-molecule real-time dynamics of biological systems at
physiological ligand concentrations. We customized a commercial
zero-mode waveguide-based DNA sequencer for use as a versatile
instrument for single-molecule fluorescence detection and showed
that the system provides long fluorophore lifetimes with good
signal to noise and low spectral cross-talk. We then used a ribo-
somal translation assay to show real-time fluidic delivery during
data acquisition, showing it is possible to follow the conformation
and composition of thousands of single biomolecules simulta-
neously through four spectral channels. This instrument allows
high-throughput multiplexed dynamics of single-molecule biolog-
ical processes over long timescales. The instrumentation presented
here has broad applications to single-molecule studies of biolog-
ical systems and is easily accessible to the biophysical community.

Determining the molecular details of the time evolution of
complex multicomponent biological systems requires anal-
ysis at the single-molecule level because of their stochastic and
heterogeneous nature. Ideally, such experiments would track
simultaneously the composition of a biological system (bound
ligands, factors, and cofactors) and the conformation of the in-
dividual molecules in real time. Single-molecule fluorescence
methods, such as total internal reflection fluorescence (TIRF)
microscopy, allow the observations of the compositional dy-
namics (through arrival of fluorescently labeled ligands, factors,
or cofactors) and conformational dynamics (through FRET) of
single-molecular species. However, these traditional single-
molecule methods are hindered by limitations in maximal fluores-
cent component concentrations (up to 50 nM) (1), limited simul-
taneous detection (two to three colors) (2-6), and low throughput
(a few hundred molecules at most per experiment) (7). As such,
the full potential of single-molecule fluorescence to investigate a
range of biological problems under physiologically relevant
conditions has not yet been harnessed.

Zero-mode waveguides (ZMWs) are small metallic apertures
patterned on glass substrates that overcome the concentration
restrictions by optically limiting background excitation (8). Each
ZMW consists of an ~150-nm-diameter metallic aperture that
restricts the excitation light to a zeptoliter volume, making pos-
sible experiments with near-physiological concentrations (up to
20 uM) of fluorescently labeled ligands (1). Previous advances in
nanofabrication (9), surface chemistry (10), and detection in-
strumentation (11) have led to ZMW-based instrumentation
capable of the direct observation of DNA polymerization (12),
reverse transcription (13), processive myosin motion (14), and
translation by the ribosome (15, 16) with multicolor single-mol-
ecule detection. However, this sophisticated technology has not
been broadly available to the scientific community. Despite multi-
ple efforts to develop ZMW instrumentation, the combined diffi-
culties in fabricating the ZMW chips (17), the need for appropriate
surface chemistry, and the required instrumentation develop-
ment hindered their widespread use (18-21). To circumvent
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these problems, we repurposed commercially available ZMW
chips [single-molecule real-time (SMRT) Cells] and adapted a
ZMW-based DNA sequencer for use as a versatile single-mole-
cule real-time fluorescent microscope to allow multiplexed col-
lection of single-molecule fluorescence events. The instrument
allows real-time delivery of reagents and simultaneous four-color
detection with excellent signal to noise and low spectral cross-
talk, making it particularly suitable for the study of complex bi-
ology (Fig. 14). This instrumentation allows easy access for the
general biophysical community to ZMW-based studies of mul-
ticomponent, single-molecule dynamics at physiological concen-
trations for a broad range of biological systems.

Results and Discussion

Adaptation of the PacBio ZMW-Based DNA Sequencer. The PacBio
ZMW-based DNA sequencer (RS) platform was designed to
work in conjunction with ZMW-patterned arrays as an SMRT
detection platform, and DNA sequencing was the first com-
mercial application (Fig. 1B). The PacBio RS is a complex in-
strument with optics designed to illuminate simultaneously with
green (532 nm) and red (642 nm) lasers and monitor single-
molecule fluorescence events from up to ~75,000-150,000 indi-
vidual ZMWs on timescales ranging from milliseconds to hours.
The fluorescence from each ZMW is collected with a micro-
mirror structure on the bottom of the SMRT Cell and separated
into four spectral channels, roughly corresponding to Cy3, Cy3.5,
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Fig. 1. Overview of the customized RS instrument.
(A) An SMRT Cell consists of 150,000 ZMWs, of which
~75,000 ZMWs can be simultaneously imaged, al-
lowing multiplexed detection of thousands of single
molecules in real time across four spectral channels.
(B) Simplified optical schematic of the custom RS
instrument: continuous excitation is provided by a
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Cy5, and Cy5.5 emission maxima (Figs. S1 and S2). During movie
acquisition, the SMRT Cell is also actively stabilized and aligned
to the individual laser beamlets on a six-axis stage, allowing for
hours of stable continuous acquisition. Humidified nitrogen gas
is flowed across the chip for oxygen exclusion during acquisition
and prevention of evaporation of liquid reagents. In addition to
this specialized optical platform, the PacBio RS system contains
automated liquid handling and data processing capabilities to sup-
port the SMRT sequencing technology. The bottoms of the SMRT
Cell ZMW chips are derivatized with biotin—-PEG, which can be
used to immobilize biological complexes through neutravidin—
biotin linkages.

We adapted the commercially available PacBio RS instrument
to create a customized platform that provides the flexibility re-
quired for our single-molecule fluorescence microscopy (SMFM)
studies (Fig. 1C). The original instrument workflow for DNA
sequencing consists of a hardcoded 1.5-h automated reagent and
chip preparation that provides little flexibility. The instrument
workflow was modified to allow rapid single-chip manual runs to
accommodate studies using labile reagents, allowing the user to
freely immobilize any biological complex of interest on the chip.
This modification reduces the original 1.5 h of instrument prep-
aration to only 60 s, preventing the degradation of labile biological
complexes. After reagent and chip preparation, the original
workflow then aligns the chip and lasers, which takes ~15 min,
with ~2 min of laser exposure; 2-min laser exposure before movie
acquisition will photobleach most fluorescent dyes immobilized
for single-molecule studies. We, thus, created a unique chip align-
ment procedure that minimizes photobleaching of surface-
immobilized, dye-labeled moieties, enabling the user to identify
ZMWs with singly loaded biomolecules even with nonphotostable
dyes (Fig. S3). Finally, the instrument software was modified to
allow users to set key experimental parameters, such as acquisition
time, laser power, camera frame rates, and fluidics parameters, for
greater flexibility in experimental design, which was impossible in
the original workflow (Fig. S4). Information on the specific changes
can be found in Materials and Methods. In-house scripts were
written to view, process, and analyze the resulting data (Fig. S5).
Together, these features allow the conversion of the PacBio RS
into a powerful tool for customized ZMW single-molecule fluo-
rescence studies using our SMFM experimental protocols.
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duce time to stage, alignment time, and exposure of
components to laser illumination to allow for flexi-
ble single-molecule studies with labile reagents.
DOE, diffractive optical element.

Characterization of Fluorophore Properties on the RS. To test the
suitability of the instrument for single-molecule experiments, we
first characterized the compatibility of the existing optical train
with commonly used cyanine dyes. We immobilized biotinylated
DNA oligonucleotides conjugated to Cy3, Cy3.5, Cy5, or Cy5.5
dyes at the bottom of the ZMWs and dual illuminated the ZMW
SMRT Cell simultaneously with 532- and 642-nm lasers. We
detected the emission of each dye into the four spectral channels
(552-580, 580-640, 640-677, and 677-750 nm). The filter char-
acteristics needed for single-molecule sensitivity at 75,000 mul-
tiplex (filter properties of laser blocking > 12 OD, signal percent
transmission > 90%) were achieved by designing a cohesive
system with 12 customized filters. All four channels display stable
high-intensity signals. Spectral bleedthrough to the neighboring
channel (i.e., Cy3 dye to Cy3.5 channel) is ~50%. This observed
level of spectral bleedthrough is dependent on spectral separa-
tion between channels and the emission spectra of each dye and
sufficient to allow us to distinguish between different dyes.
Bleedthrough to nonneighboring channels (i.e., Cy3 dye to Cy5
or Cy5.5 channel) is negligible (Fig. 2). The signal-to-noise ratios
(SNRs) (22, 23) for continuous single-molecule fluorescence of
the four dyes on the custom RS are comparable with the SNRs
measured on our in-house built TIRF (3.18 for Cy3, 4.90 for
Cy3.5, 2.64 for CyS5, and 3.05 for Cy5.5) under our measurement
conditions (Fig. 3 and SI Materials and Methods). ZMW alumi-
num walls slightly quench intensities in the red spectral window
(Cy5 and Cy5.5), with the dyes Cy5 and Cy5.5 displaying com-
paratively lower SNR despite their higher quantum yield (quan-
tum yield = 0.28 and 0.23, respectively) than Cy3 and Cy3.5
(quantum yield = 0.15) (16). The photostability lifetime of each
dye (as defined by the continuous single-molecule emission be-
fore photobleaching and not the lifetime of the excited state
commonly used in spectroscopy) exhibits a more than twofold
increase compared with their values on TIRF, likely because of
the more favorable environment of the dyes in the ZMWs and
the oxygen exclusion mechanism of the custom RS (Fig. 3). The
use of Cy3.5 and Cy5.5 instead of Cy2 used in prior experiments
(16, 24) gives signals that have greater SNR and longer lifetimes
without excitation by an additional 488-nm laser. This improve-
ment in dye photostability as well as the ability to use a wide
range of fluorescent dyes allows robust single-molecule tracking
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of dynamics of multicomponent systems over a range of time-
scales from milliseconds to hours.

Conformational Dynamics Through FRET on the RS. Single-molecule
FRET is commonly used to follow composition and conformation
of dynamic biological systems in real time at the single-molecule
level. In these experiments, fluorescently labeled molecules are
immobilized on the surface, and rapid introduction of additional
fluorescent reagents or components initiates the reaction. We
first characterized and calibrated the automated fluidics system
on the custom RS to make it compatible with rapid fluid delivery
(Fig. S6). Then, to show that the custom RS is capable of dis-
tinguishing subtle FRET transitions, we followed single Escher-
ichia coli ribosomes as the two subunits (small 30S subunit and
large 50S subunit) join during initiation and then rotate with
respect to one another during translation, an assay that we have
previously shown multiple times on TIRF (2, 24). We immobilized
10 nM Cy3B-labeled 30S preinitiation complexes with amino-
acylated initiator fMet tRNA (fMet-tRNA™*"), initiation factor
IF2, and a biotinylated mRNA [called 6(FK), which codes for an
AUG start codon, a sequence of six alternating Phe and Lys
codons, followed by a UAA stop codon], on the bottom of the
ZMW. We then delivered 200 nM black hole quencher-2-labeled
(a nonfluorescent FRET acceptor) (2) 50S subunit along with
translation factors [80 nM aminoacylated tRNA-Phe and tRNA-
Lys in ternary complex with elongation factor Tu (EF-Tu) and
GTP (denoted Phe-tRNAP™.EF-Tu-GTP and Lys-tRNA"*-EF-
Tu-GTP) and 80 nM elongation factor G (EF-G)] (Fig. 44 and S/
Materials and Methods). The black hole quencher—50S subunit
joins and forms the 70S initiation complex, resulting in a de-
crease in green (Cy3B) intensity because of intersubunit FRET
followed by cycles of low-high intensities corresponding to the
nonrotated and rotated states of the ribosome formed during
polypeptide chain extension (Fig. 4B). Each low-high-low in-
tensity cycle (nonrotated to rotated and back to nonrotated
state) corresponds to the ribosome translating one codon of the
mRNA (24). Both nonrotated and rotated state lifetimes are
comparable with our previous reports (nonrotated lifetime =5.5 +
0.8 s and rotated lifetime = 3.9 + 0.5 s in this study vs. non-
rotated state lifetime = 2.6 + 0.3 s and rotated-state lifetime =
2.0 + 0.3 s on TIRF) (Fig. 4 C and D) (24). Decreased associ-
ation rates are likely caused by steric and surface effects, but
ribosomal function is clearly maintained (16). With an mRNA
consisting of 12 codons, many of the ribosomes (44%) in this
experiment are observed translating the entire 12 codons (Fig.
4E) (2, 24). This result is different from what was observed
previously with TIRF, where the duration of observation was
limited by photobleaching events and thus, most of the ribo-
somes were observed to translate fewer than 12 codons (only 7%
of the ribosomes translate the entire 12 codons). Thus, the
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Fig. 2. Fluorophore characterizations on the custom

RS. (A) Example traces of Cy3- (green), Cy3.5- (yellow),
Cy5- (red), and Cy5.5-labeled (purple) biotinylated
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malized mean intensities of the four spectral channels
for each colored dye. Spectral bleedthrough to the
neighboring channel is ~50%, whereas bleedthrough
to the farther channels is negligible. The low bleed-
through allows efficient separation of the four spec-
tral fluorophores. Numbers of molecules analyzed
(from left to right) are n =301, n = 265, n = 280, n =
200. Only a portion (~5%, randomly picked) of the
entire SMRT Cell was analyzed because of the large
amount of data generated. Error bars are SEMs.

enhanced fluorophore photostability lifetimes on the custom
RS allow observation of biological processes over long time-
scales (mean photostability lifetime of 250 s for Cy3B-labeled
ribosomes in RS vs. 114 s on TIRF).

It is also possible to measure intersubunit rotation, RNA-
RNA interactions, and protein-RNA interactions with the Cy3/
Cy5 FRET pair on the custom RS (Figs. S7 and S8), despite an
~0.15 FRET value decrease compared with TIRF caused by the
quenching of the Cy5 intensity by the ZMW aluminum walls
(16). Thus, the custom RS is capable of discerning subtle FRET
signals, and the favorable environment of the ZMWs permits
observation of dynamic processes over longer periods of time
without dye photobleaching.

Compositional Dynamics on the RS. Another advantage of ZMWs is
that single fluorescent ligand binding and dissociation can be
observed at high concentrations (>50 nM) compared with other
single-molecule methods because of the small excitation volume
within the nanophotonic chambers. Direct detection of ligand
binding and dissociation allows observation of the dynamics of
multiple ligands simultaneously using dyes spread across the
spectrum. Traditional methods for detecting ligand binding and
dissociation on TIRF require an FRET pair between the ligand
and the immobilized complex; however, these methods are still
limited by concentration (<50 nM) as well as the number of
components that can be observed simultaneously.

We delivered 200 nM Cy3.5-50S and 200 nM aminoacylated
(Cy5)tRNA-Phe in ternary complex with EF-Tu and GTP [deno-
ted as Phe-(Cy5)tRNAP".EF-Tu-GTP] to immobilized Cy3B-la-
beled 30S preinitiation complexes [with initiator fMet-tRNAM®t,
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Fig. 3. Comparison of fluorophore properties on the custom RS and TIRF.
(A) The signal to noise on the home-built TIRF microscope and the custom RS
(normalized to Cy3 on TIRF). SNRs on TIRF and RS are essentially equivalent
under conditions in which experiments are normally conducted. (B) The
continuous emission lifetimes of the dyes on TIRF and RS under constant
laser illumination, showing a prolonged photostability of dyes on the cus-
tom RS, under conditions resulting in similar SNRs. These dye photostability
lifetimes are measured under dual laser illumination. Error bars are SEMs.
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IF2, and biotinylated mRNA 6(FK)] on the bottom of the ZMW,
similar to the experiment performed in the work by Tsai et al. (25)
(Fig. 54). Binding of the fluorescent ligand to the immobilized
preinitiation complex is manifested through a fluorescent pulse of
that particular spectral color. Cy3.5-50S joining to an immobilized
Cy3B-labeled 30S preinitiation complex is indicated by the ap-
pearance of the yellow pulse. Then, the appearance of the red
pulse [Phe-(Cy5)tRNAF™], which is specified by the mRNA se-
quence, signifies the transition from initiation to elongation (Fig.
5B). The individual arrival pulses can be even distinguished for
dyes with significant spectral overlap. The arrival times for the 50S
and tRNA as well as the time lag between the 50S arrival and
tRNA arrival (~4 s in this study vs. ~2 s previously) are compa-
rable with our previous reports (25) (Fig. 5 C and D). The dif-
ference may be because of the slightly different delivery kinetics
of the two instruments. These results confirm the functionality of
the custom RS in studying complex compositional dynamics.
Because fluorescent signals from the individually labeled com-
ponents last several minutes, both binding and departure of
fluorescent ligands can be observed.

High-Throughput Multiplexed Detection on the RS. Finally, to show-
case the instrument’s ability to track composition and confor-
mation through four channels simultaneously with high through-
put, we built on the complexities of the previous two experiments.
We delivered 200 nM Cy5.5-50S, 200 nM aminoacylated Cy3-
tRNA Phe ternary complex, 200 nM aminoacylated Cy5-tRNA
Lys ternary complex, and 200 nM EF-G to immobilized Cy3.5-
labeled 30S preinitiation through a biotinylated mRNA 6(FK)
on the bottom of the ZMW, showing the sequence of events
during initiation and elongation as tRNA binds sequentially
corresponding to the mRNA sequence, similar to the experiment
performed in the work by Uemura et al. (16) (Fig. 64). Because
of the design of the experiment, not only is arrival manifested
through the appearance of fluorescence of the particular spectral
color, but there is also potential FRET between the 30S and 50S
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formational dynamics during elongation. (C) Ro-
tated state (high intensity and low FRET) lifetimes
for each codon, comparable with what we have
reported previously (2, 24). Number of molecules
analyzed was 254. Only a portion (~40%) of the
entire SMRT Cell was analyzed. (D) Nonrotated (low
intensity and high FRET) lifetimes for each codon. All
error bars are SEMs. (E) Histogram of ribosomes
translating the particular number of codons. Most of
the ribosomes translate 12 codons, which was ex-
pected from the sequence of the mRNA. The small
numbers of additional events beyond the 12th co-
don shown in the histogram are likely caused by
readthrough or statistical errors in the identification
of transitions by our analytical method.

5 10 15

subunits and the two neighboring tRNAs during elongation (26).
Under simultaneous green (532 nm) and red (642 nm) laser il-
lumination, we observe the appearance of a purple pulse that
corresponds to the binding of the Cy5.5-50S subunit to the
immobilized Cy3.5-30S. Simultaneously, the yellow signal drops
because of FRET between the two subunits (Cy3.5 to Cy5.5)
(detailed explanations are given in Fig. S9). Then, alternating
pulses of green [Phe-(Cy3)tRNAF™] and red [Lys-(Cy5)tRNA
can be observed as the ribosome decodes the underlying mRNA
sequence. FRET between the two tRNAs can also be observed
(explanation of trace is given in Fig. S9). With the mRNA con-
sisting of 12 codons, many of the ribosomes (25%) are observed
translating the entire 12 codons with 12 tRNA binding events
(16) (Fig. 6B). The tRNA arrival times are consistent with what
was observed before (Fig. 6C), confirming the functionality of
the custom RS in studying complex compositional dynamics. The
statistics have been done over n = 3,354 molecules from one
experiment, which is more than 10-fold what can be achieved on
TIRF for presteady-state experiments done with synchronized
sample delivery. The high-throughput nature of the instrument is
demonstrated in Fig. 6D, showing the molecules exhibiting all
four fluorescent colors, with multiple red and green pulses on
a chip. A gallery of additional traces can be found in Figs. S10
and S11. These results emphasize the throughput obtainable on
the customized RS.

On reaching the stop codon, the last Lys-tRNA is stalled in
the ribosome, with the Cy5 signal lasting several minutes. The
immobilized Cy3.5-30S signal and the joined Cy5.5-50S signal
also last several minutes (mean Cy3.5 lifetime = 232 s; mean
Cy5.5 lifetime = 176 s). These results further corroborate the
finding that the enhanced fluorophore lifetimes on the custom
RS allow observation of biological processes over long time-
scales. Unlike previous experiments, where an additional 488-nm
laser is used to excite Cy2 (16), the use of only 532- and 642-nm
lasers to excite four spectral channels prevents additional un-
wanted photochemical reactions caused by the 488-nm laser.
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Fig. 5. Compositional dynamics of fluorescent ligands on the custom RS. (A)
Schematic of the expected signal sequence and example trace of ribosome
compositional dynamics during late initiation showing that, although there
is bleedthrough between Cy3 and Cy3.5 channels as well as Cy5 and Cy5.5
channels, the signal is sufficient to distinguish between the spectral chan-
nels. (B) Lifetimes for the Cy3-30S, Cy3.5-50S, and Cy5-Phe. Number of
molecules analyzed was n = 307. Only a portion (~5%) of the entire SMRT
Cell was analyzed. (C) Arrival times for the Cy3.5-50S and Cy5-Phe tRNA. All
error bars are SEMs. (D) Postsynchronization of the arrival of Cy5-Phe tRNA
to the arrival of the Cy3.5-50S shown as a heatmap. The results were com-
parable to what was observed previously (25).

Thus, ZMWs allow observation of dynamic binding under
physiological concentrations of fluorescent ligands, and the sig-
nals last stably throughout the movie, with good spectral sepa-
ration for multicomponent studies. The high-throughput nature
of the instrument enables studies of heterogeneous pathways and
populations and certain rare biological phenomenon, where
a large sample size allows for better statistics of the individual
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subpopulations. By combining the ability to track composition at
high concentrations with conformational information through
FRET or other techniques, such as protein-induced fluorescence
enhancement (27-29), it is possible to further increase the
degrees of information obtained from an experiment through
cross-correlations.

Conclusions

The custom RS presented here is a versatile and easy to use
single-molecule fluorescence instrument with high temporal sen-
sitivity, spectral resolution, signal sensitivity, and dye photo-
stability. It is capable of performing transient binding and de-
parture experiments as well as long-timescale observations of
conformation with subtle FRET changes: mixing these experi-
ments allows cross-correlation of conformational dynamics with
the binding and dissociation of multiple interacting ligands (15).
By simultaneously detecting ~75,000 ZMWs, the custom RS
provides unprecedented throughput of single-molecule data.
With the automated liquid handling robotics on the custom RS,
delivery only requires a volume of 25-30 pL, drastically reducing
the amount of reagents used compared with traditional TIRF.
Furthermore, the ability to perform experiments at physiological
concentrations of fluorescent ligands makes it applicable to a
broad range of biological systems, including at the single-cell
level (30). Any experiment done traditionally with TIRF can now
be performed on the custom RS with longer dye photostability
lifetimes, higher ligand concentrations, and an increased number
of labeled components. The custom RS is a step to the promise
of real-time monitoring of biological mechanisms that is widely
accessible to the general biophysical community.

Materials and Methods

Modification of PacBio RS Software to Support Our Custom SMFM Experiments.
The instrumentation and workflow of the PacBio RS were optimized for DNA
sequencing with automated liquid handling and chip preparation. As such,
users of the commercial instrument do not have access to parameters gov-
erning microscopy-related functions. To support the requirements of the
single-molecule assays described here, we made custom changes to the
PacBio RS instrument software. These changes were made in the instrument
control software, the user interface, and the software protocol script, and
they are generally not user-accessible. We made five key changes.
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Fig. 6. Multiplexed four-color dynamic experiment on the custom RS. (A) Sample trace and schematic showcasing the power of the custom RS to follow
simultaneously the composition and conformation of four components. Cy3-tRNA Phe ternary complex, Cy5-tRNA Lys ternary complex, and Cy5.5-50S are
delivered to immobilized Cy3.5-30S. Cy5.5-50S first joins with the Cy3.5-30S followed by alternating pulses of Cy3-tRNA Phe (F) and Cy5-tRNA Lys (K) as
specified by the 6(FK) mRNA sequence. Despite overlapping bleedthrough signals, the signal is sufficient to distinguish between the spectral channels. (B)
Histogram of ribosomes translating the particular number of codons. Most of the ribosomes translate 12 codons, which was expected from the sequence of
the mRNA. (C) tRNA arrival times for 12 codons. All error bars are SEMs. Number of molecules analyzed was n = 3,354. (D) A chip view visualizing molecules
(yellow spots) exhibiting all four fluorescent colors, with multiple red and green pulses within a given ZMW hole on the chip.
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i) Modified chip alignment algorithm. We introduced a modified proce-
dure that aligns laser beamlets with the ZMW array to reduce dye photo-
bleaching that occurs before data acquisition. This reduction was
accomplished by modifying the standard RS SMRT Cell alignment algo-
rithm and workflow to allow coarse and fine positioning of the SMRT
Cell without exposing ZMWs to laser illumination (Fig. S3). We also mod-
ified the software workflow to tightly couple movie start, lasers open,
and fluid dispense events reducing variability in the event timings and
helps to further decrease the amount of photobleaching.

ii) Modified inventory scan workflow. Before initiating a standard DNA
sequencing run, the instrument scans the contents of the work deck to
inventory the reagents and consumables. This process takes ~7 min and
must occur before runs can start. SMFM studies often use labile reagents;
thus, the time required for inventory scan can significantly impact assay
success. To improve the SMFM workflow, we introduced a modified
rapid inventory scan that reduces the time from closing reagent drawers
to data acquisition to 30 s (Fig. 1C); this reduced inventory scan time
significantly reduces the wait interval prior from SMRT Cell placement
on the work deck to the beginning of data acquisition, making it possi-
ble to work with reagents with very short half-lives.

iii) Customized instrument software control interface. To control features
supporting SMFM studies, we created a unique user interface (Fig. S4).
This interface allows custom control over a variety of instrument param-
eters, including laser powers, acquisition times, camera frame rate, chip
clamp temperature, and fluidics protocol. Key run-related experimental
parameters are saved in metadata files.

iv) Customized fluidics protocol. The PacBio RS DNA sequencing workflow
involves a variety of fluidics steps to mix sequencing reagents and move
SMRT Cells to various positions on the work deck. To accommodate
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custom SMFM assays, a simplified fluidics workflow was developed to
support experiments where the SMRT Cell is loaded with reagents on the
benchtop. The protocol includes an optional fluidics delivery at the de-
tection stage to initiate reactions.

v) Created a way to switch between modes. We created a way to easily
switch between SMFM experimental mode and standard DNA sequenc-
ing mode, and therefore, the instrument could be used in either mode.

Single-Molecule Experiments on the Custom RS. More details on reagent
preparation can be found in S/ Materials and Methods and previous litera-
ture (26, 31-33). The SMRT Cell surface was derivatized with 16.6 pM Neu-
travidin reagent for 5 min at room temperature and rinsed with Tris-based
polymix buffer to remove unbound Neutravidin; 30S preinitiation complexes
or DNA oligonucleotides (diluted to 10 or 1 nM, respectively, with Tris-based
polymix buffer with oxygen scavenging) (34) were immobilized on surface
by incubating the mixture at room temperature for 3 min, after which time
the surface was rinsed with the same buffer to remove unbound complexes.
Immobilized complexes were distributed in ZMW holes according to Poisson
statistics. According to Poisson statistics, the maximum loading percentage
to still give probabilistically single complex loading per ZMW hole is ~30%.
Complexes were immobilized such that ~15% of the ZMWs holes (~10,000
ZMW holes) are occupied to further disfavor doubly loaded ZMWs. Five-
minute movies were acquired at 10 or 30 frames per second.
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