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Synthesis of Extended Nanoscale Optical Encoders
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An optical encoder is a device that uses an interrupted light source—sensor pair to map linear or rotational motion
onto a periodic signal. Simple, inexpensive optical encoders are used for precise positioning in machines such as
desktop printers, disk drives, and astronomical telescopes. A strand of DNA labeled with a series of Forster
resonance energy transfer acceptor dyes can perform the same function at the nanometer scale, producing a periodic
fluorescence signal that encodes the movement of a single donor-labeled molecular motor with high spatial and
temporal resolution. Previous measurements of this type have employed encoders limited to five acceptor dyes,
and hence five signal periods, restricting the range of motion that could be followed. Here we describe two
methods for synthesizing double-stranded DNA containing several to hundreds of regularly spaced dyes on one
strand. Distinct functional groups incorporated at the encoder ends enable tethering for single-molecule

measurements.

INTRODUCTION

Single-molecule Forster resonance energy transfer (FRET) (/, 2)
is a powerful technique for measuring nanoscale distances
between two fluorophores. Its high sensitivity in the range of
approximately 2—10 nanometers is ideal for the study of
structural rearrangements in biological macromolecules (3—35).
Until recently, single-molecule FRET measurements of proces-
sive motor proteins on DNA (6—9) have been limited by the
presence of only one or a few dye pairs to examination of a
restricted range of motion. Furthermore, it remains difficult to
obtain accurate distances from measured FRET efficiencies
(10—13).

Precise measurements of macroscopic motion are often made
by mapping distance and velocity onto the phase and frequency
of a periodic signal. This can be done using an optical encoder,
in which a light source and sensor move with respect to a mask
containing regularly spaced transparent windows. As the source
and sensor move, the window pattern modulates the sensor
output, producing the desired signal. We recently implemented
a nanoscale encoder (2, /4) using FRET between a moving
donor fluorophore and a series of acceptors attached to one
strand of a DNA molecule at 69 base pair (bp) intervals. As a
donor-labeled helicase traveled along the FRET encoder, a
periodic acceptor fluorescence signal was observed.

We synthesized the original five-period FRET encoders from
12 unique self-assembling DNA oligonucleotides. While this
scheme has the advantage of producing a well-defined product,
its cost and complexity both increase with the length of the
encoder. To follow translocation over long distances, observe
many cycles of the same molecular motor, and collect multiple
periods of any signal modulation (/4), it is desirable to have
encoders many times longer than would be practical to
synthesize using our original scheme. Here we demonstrate two
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methods that produce FRET encoders with lengths ranging from
several to hundreds of periods.

The first method employs polymerization-driven self-
assembly (15, 16). We designed two synthetic oligonucleotides
that, when annealed, form a double-stranded DNA monomer
with two complementary cohesive ends. Upon annealing, the
monomers undergo a step polymerization reaction that rapidly
produces a wide distribution of encoder lengths.

The second method exploits rolling circle amplification (/7)
(RCA), a process used in the replication of many bacterial
plasmids (/8), in bacterial conjugation (/9), and by many
retroviruses (20) and bacteriophages (27). In RCA (Figure 4),
a suitable polymerase binds to a primed single-stranded circular
template. DNA synthesis begins from the 3’ terminus of the
primer and proceeds around the circle, generating a linear
complement to the circular template. After the polymerase
completes one revolution around the template, the newly
synthesized strand is removed by a cooperating helicase, or by
the polymerase itself, so that the process can continue. Because
of its extreme processivity and strand displacement ability, DNA
polymerase from the ¢29 bacteriophage is particularly suitable
for RCA (22).

RCA has found many uses in nanotechnology (23), mutation
detection (24), and immunoassays (25). Recently, two groups (26, 27)
used RCA to generate periodic double-stranded DNA templates,
on which they assembled arrays of gold nanoparticles. We have
adapted this technique to synthesize FRET encoders with more
than 200 periods, terminated with biotin and digoxigenin groups
for site-specific immobilization in single-molecule experiments.

EXPERIMENTAL PROCEDURES

Buffers and Reagents. All solutions were prepared in
distilled deionized water (DDI). DNA was stored in 10 mM
Tris-HCI (pH 8.0) with 1 mM EDTA (TE buffer). Gels were
cast and run in 40 mM Tris-acetate and 1 mM EDTA.
Fluorescence measurements were performed in a fluorescence
buffer containing 50 mM Tris-HCI (pH 7.9), 1 mM EDTA,
10 mM NaCl, 10 mM MgCl,, 4 mM dithiothreitol, and an
enzymatic oxygen-scavenging system consisting of 35 pg/mL
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Table 1. FRET Encoder Single-Stranded Oligonucleotide
Sequences”

name nucleotide sequence (5" — 3')

a-b TTCTTGCACCAGTGTCCTCTCCGCGTCGTCCTACAG
TGACTAGTCTGGAACGTATAGTATAAGC

A-B GACACTGGTGCAAGAAGCTTATACTATACGTTCCA
GACTAGTCACTGTAGGACGACGCGGAGAG

a-z-p TTCTTGCACCAGTGTCCAATATGCAGAACGATCCAA
GACGCAATAGCTCC

a-bl0 TTCTTGCACCAGTGTCCTCTCCGCGT

“The primer—template complex (A-B—a-b10) melts at 74 °C in
100 mM NaCl.

B-A B-A B-A B-A
3 3 2 2
cee
a-b a-b a-b a-b a-z-p-dig
annealing + ligation
2 2 L2 ——
cee -
a z-p-dig

Figure 1. Schematic representation of the polymerizing FRET encoder.
The fully assembled encoder consists of a series of regularly spaced
FRET acceptor dyes on a double-stranded DNA scaffold. The acceptors
are located between bases 32 and 33 of oligo A-B (read 5’ to 3%), and
in the final product are spaced by 64 base pairs, approximately four
times the Forster radius (R,) when used with a typical donor dye. An
increase in the amount of oligo a-z-p, which binds to unoccupied “A”
sites and leaves an unmatched 34-nucleotide cohesive end, will limit
the degree of polymerization.

catalase (Sigma-Aldrich C100), 0.2 mg/mL glucose oxidase
(Sigma-Aldrich G2133), 0.8% (w/v) D-glucose (Sigma-Aldrich
G8270), and 1.2 mM Trolox antioxidant (Sigma-Aldrich
238813) (28). Reaction buffers for T4 ligase, ¢29 polymerase,
and terminal transferase were supplied by the manufacturer
(New England Biolabs, Ipswich, MA).

DNA Sequences. Sequences for the single-stranded oligo-
nucleotides used in both synthesis schemes are listed in
Table 1. All DNA was purchased from Integrated DNA
Technologies (Coralville, IA). Oligos A-B and a-b were PAGE
purified, and oligo A-B-CyS5, identical to oligo A-B except for
a Cy5 fluorophore between bases 32 and 33, was purified by
HPLC. All sequences other than a-z-p and a-b10 (the primer
for rolling circle amplification reactions) have a 5" phosphate
to enable ligation. To allow for attachment of completed
encoders in single-molecule experiments, oligo a-b10 has a 5
biotin modification, and the terminating oligo a-z-p has a 3’
digoxigenin.

FRET Encoder Synthesis by Polymerization. For polym-
erization-driven self-assembly, we designed the two partially
complementary 64-base oligonucleotides a-b and A-B listed in
Table 1. Together they form a 48 bp double-stranded DNA
monomer with two 16-base 5’ cohesive ends (Figure 1). The
average molecular weight of the product was controlled by the
terminator oligonucleotide a-z-p, which anneals at one end of
the growing chain, preventing further polymerization from its
binding site. The terminating oligo can be designed to incor-
porate a binding site for a particular motor protein at one end
of the encoder, as well as a hapten or biotin for site-specific
immobilization.

To synthesize the encoders, we annealed 50 pmol of oligo
a-b, 100 pmol of oligo A-B, and a selected ratio of a-z-p to a-b
(Figure 2) in a total volume of 8 uL of TE buffer containing
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Figure 2. Tuning the molecular weight distribution with a terminator
oligonucleotide. The left lane contained a 50 bp DNA marker ladder.
The encoders in lanes 2, 3, 4, and 5 were annealed and ligated with
10:1, 2:1, 1:1, and 1:5 molar ratios of oligo a-z-p to monomers,
respectively.

100 mM NaCl. When the ratio of a-b to A-B was varied (Figure
3), 50 pmol of a-b was used and the a-z-p terminator was
omitted until after the encoders had been separated by size and
purified. The mixtures were heated to 65 °C and then cooled to
room temperature over the course of approximately 5 min. We
connected discontinuous backbone strands in the resulting
encoders by adding 1 uL (400 units) of T4 DNA ligase and 1
uL of 10x T4 ligase reaction buffer and incubating overnight
at room temperature.

Polymerization results in a broad distribution of FRET
encoder lengths. We separated the ligated polymer mixture on
a 1.2% (w/v) agarose gel at 160 V for 4.5 h, alongside a 50 bp
DNA marker ladder (New England Biolabs). The gel was
poststained in a 0.5 ug/mL ethidium bromide solution for 30
min, destained for 30 min in DDI, and visualized using a UV
transilluminator. Gel slices were purified using the Wizard Gel
Clean-Up kit (Promega, Madison, WI) following the manufac-
turer’s instructions, except that the gel slice was dissolved at
room temperature. Heating of the ligated encoders was avoided
to prevent melting. Because the DNA sequences are periodic,
melting and subsequent reannealing could result in a relative
frame shift between the two strands of some integral number
of periods.
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Figure 3. Characterization of polymerized FRET encoders. Agarose gel electrophoresis resolves discrete encoder lengths up to approximately 10
periods. Lane L contained a 50 bp DNA marker ladder. Encoders in lanes 1, 2, 3, 4, and 5 were synthesized with 1:1, 1:2, 1:3, 1:4, and 1:5 ratios
of oligo A-B to a-b, respectively. An excess of one monomer oligo over the other improves resolution while preventing the growth of excessively
long encoders. Photobleaching traces are shown for FRET encoder DNA extracted from the three- and eight-period bands, and from a position in
the gel corresponding to approximately 15 periods. Random temporary drops in the signal are expected from dye blinking (30). In the eight-period
event, two steps occur near 75 s, while the eighth, smaller step, occurs around 575 s.

FRET Encoder Synthesis by Rolling Circle Amplifi-
cation. The procedure for RCA patterning is summarized in
Figure 4. We formed rolling circle templates by combining 2
uL of 100 uM A-B oligo and 2 uL of 100 uM a-b10 primer in
200 uL of TE buffer containing 100 mM NaCl. We annealed
the DNA by heating the solution to 65 °C and then cooling it
to room temperature over the course of several hours. This step
fully melts undesirable secondary structures in the component
oligos, the most stable of which melts at 36.2 °C in 100 mM
NaCl. We ligated nicks in the circular templates by adding 1
uL (400 units) of T4 DNA ligase and 21.2 uL of a 10x
concentrate of the T4 DNA ligase reaction buffer.

After 3 h of ligation, 30 uL of 10x ¢29 polymerase reaction
buffer, 6 4L of 10 mg/mL bovine serum albumin, 30 uL of 10
mM dNTPs, 30 units of ¢29 polymerase, and 9 uL of H,O were
added. The reaction mixture was incubated at 31 °C for 3 h,
followed by a 10 min 65 °C heat inactivation of the polymerase.
The single-stranded RCA product was separated from free
nucleotides and the circular templates using a centrifugal filter
device (Millipore Ultracel YM-100, 100 kDa NMWL cutoff,
Fisher Scientific catalog no. 42412). The 300 uL reaction
mixture was diluted to 500 uL with TE buffer and then
concentrated to approximately 15 uL. This process was repeated
twice more before the DNA was diluted to a final concentration
of 75 uL.. According to the filter manufacturer’s specifications,
encoder DNA recovery is expected to be greater than 95%, with
more than 99% free nucleotide removal. Preparations for single-
molecule measurements select for properly tethered molecules
with significant fluorescence. Small residual impurities are either
washed out of the flow cell prior to observations or remain
undetected.

A D
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Figure 4. Rolling circle amplification for FRET encoder synthesis. After
cyclization of the template by ligation in the presence of a primer (A),
an RCA step (B) produces a long concatemer of the complement to
the circular template. A tail is appended to the single-stranded product
with terminal transferase using dTTP and digoxigenin-labeled dUTP,
and subsequent annealing and ligation with the dye-labeled version of
the circular template completes a long, bifunctionalized FRET encoder
(O). (D) Lane 1 contained a 2 log DNA marker ladder. Lane 2 contained
the circular template—primer complex, dimers and trimers of which
are also visible. Lane 3 contained the single-stranded RCA product,
while lane 4 contained the final annealed and ligated encoder. Spel, a
restriction enzyme that cuts the encoder DNA once per period, was
added to the sample from lane 4, which was then run in lane 5. The
disappearance of the 213 kb double-stranded DNA demonstrates that
the encoder is periodic.
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Figure 5. Photobleaching of an immobilized RCA FRET encoder. By
eye, we can discern approximately 33 steps. Upward steps, such as
those near 29 min and in the inset, are likely caused by the return of
a single acceptor (CyS5) from a dark state (30). The horizontal position
of the focus was adjusted manually in 10 nm increments every few
minutes to correct for instrument drift, so that the encoder would remain
centered during the 40 min measurement. A 10 nm displacement is
only 2.7% of the measured beam waist at the sample plane (data not
shown) and could not produce the observed steps.

We appended a digoxigenin-labeled tail to the RCA product
by reacting it with terminal transferase in the presence of dTTP
and digoxigenin-labeled dUTP. Terminal transferase is a
template-independent polymerase that catalyzes the addition of
nucleotides to the 3" end of a strand of DNA. Supplying terminal
transferase with a 5—10:1 mixture of dTTP and dig-dUTP
produces a tail containing several digoxigenins spaced suf-
ficiently far apart to allow multiple anti-digoxigenins to bind.

For the tailing reaction, 1.7 ug of the purified single-stranded
RCA product was combined with 2.5 uL. of 10x terminal
transferase reaction buffer, 2.5 uL of 2.5 mM CoCl,, 0.25 uLL
of 100 mM dTTP, 5 4L of 1 mM dig-dUTP, 100 units of
terminal transferase (New England Biolabs), and sufficient DDI
to yield a total solution volume of 25 uL. The reaction mixture
was incubated at 37 °C for 2 h, then heated to 70 °C for a 10
min inactivation.

After the tailing reaction was complete, 12.5 uL of reacted
solution was mixed with 10 uL of 100 uM A-B-Cy5 oligo,
heated to 65 °C, and then cooled over several hours to room
temperature so that dye-labeled oligos would anneal to the long
single-stranded template. Once annealed, double-stranded DNA
was purified using a PCR spin column (Invitrogen K3100-01)
according to the manufacturer’s instructions. Finally, nicks in
the double-stranded DNA were closed with T4 ligase as
described above, and the product was purified again with the
same type of spin column.

Fluorescence Measurements. We characterized assembled
and purified FRET encoders from both synthesis schemes with
a single-molecule photobleaching assay described in detail
previously (/4). We tethered encoders sparsely to the inner
surface of a fused-silica flow cell by incubating 50 pM encoder
DNA and 1 nM anti-digoxigenin in fluorescence buffer in the
cell for 20 min. Excess DNA was then flushed out with
fluorescence buffer.

A 633 nm laser, reduced to 1 4W using absorptive neutral
density filters, was focused at the fused-silica surface while a
piezoelectric stage supporting the cell was scanned in a raster
pattern to search for immobilized encoders. When the fluores-
cence intensity exceeded a designated threshold, indicating the
presence of an encoder in the confocal detection volume, the
scan was stopped, and the focal position was optimized using
an automated centration algorithm (29). The encoder was then
excited continuously while fluorescence intensity was measured
by photon counting and recorded until all dye molecules had
been photobleached. Data processed with a 420 ms (21-point)
median filter are shown in Figures 3 and 5.
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RESULTS AND DISCUSSION

As can be seen in Figure 2, the polymerization scheme
produces a distribution of discrete encoder lengths that can be
tuned by varying the amount of terminator oligo a-z-p.
Figure 3 shows representative photobleaching measurements of
polymerized encoders. Sudden, irreversible downward steps in
the fluorescence data, each corresponding to the bleaching of a
single dye molecule, are clearly evident, and the numbers of
dyes counted in this manner correspond to the gel bands from
which the encoders were extracted. It is difficult or impossible
to identify discrete bands corresponding to lengths beyond 10
periods; however, photobleaching traces for encoders extracted
from the high-molecular weight end of the gel indicate that
lengths up to at least 15 periods are produced. The typical yield
of purified five-period encoder DNA was approximately 1 pmol,
making this reaction on the order of 10 times more efficient for
this length alone than that described in ref /4.

Figure 4 shows an agarose gel electrophoresis analysis of
the RCA FRET encoders. Lane 2 contained the annealed
primer—template complex. Monomeric and multimeric forms,
which arise from primer-mediated cross-linking of the template
DNA, are visible. The RCA product derived from any of these
substrates will contain the same periodic sequence. The gel
indicates that the RCA FRET encoders are approximately
13 kb (200 periods) long on average (lanes 3 and 4), and
digestion with Spel, a restriction enzyme that cuts the encoders
once per period, demonstrates that they are periodic (lane 5).
The red hue of the long DNA in lane 4 arises from annealing
with the dye-labeled oligo, the vast excess of which is clearly
visible at the bottom of the lane. In lane 5, the 64 bp DNA
appears yellow because the stain more efficiently intercalates
double-stranded DNA (the mixture of green stain fluorescence
and red acceptor fluorescence produces yellow). In lanes 4 and
5, the lower-most band is an unlabeled truncation product left
over from the synthesis of the dye-labeled oligo. As it is not
fully complementary to oligo a-b, it does not interfere with
assembly of the RCA encoder.

Photobleaching data from an RCA encoder are shown in
Figure 5. The length of this encoder (approximately 4.4 ym)
greatly exceeds the axial extent of the confocal volume. No
refocusing was done during the measurement, so the &30
observed steps, corresponding to ~650 nm of encoder contour
length, match our expectation for the number of dyes within
the region from which fluorescence was collected.

One could envision extending both of the synthesis schemes
we have presented to create polymers with much longer repeat
lengths. Several synthetic oligonucleotides could be annealed
and ligated to form monomers hundreds of base pairs long, and
these could be polymerized as described above. Alternatively,
an extended substrate for the rolling circle amplification scheme
could be fashioned from two or more single-stranded oligos,
cyclized by an equal number of primers. Modification of all
but one of the primers with 3’ terminal dideoxynucleotides
would allow the origin of the RCA reaction to be specified.
FRET encoders assembled in this manner could prove useful
for measurements taking advantage of multiple acceptors with
distinct spectra, or for studying the effects of specific sequences
on transcription.
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