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Kinetic fingerprinting to identify
and count single nucleic acids

Alexander Johnson-Buck!$?, Xin Su?°, Maria D
Giraldez?, Meiping Zhao?, Muneesh Tewari3~7 &
Nils G Walter!

MicroRNAs (miRNAs) have emerged as promising diagnostic
biomarkers. We introduce a kinetic fingerprinting approach
called single-molecule recognition through equilibrium
Poisson sampling (SiMREPS) for the amplification-free
counting of single unlabeled miRNA molecules, which
circumvents thermodynamic limits of specificity and virtually
eliminates false positives. We demonstrate high-confidence,
single-molecule detection of synthetic and endogenous
miRNAs in both buffer and minimally treated biofluids, as
well as >500-fold discrimination between single nucleotide
polymorphisms.

Stable, diagnostically useful miRNAs have recently been detected in
blood and other body fluids, but reproducible quantification of cir-
culating miRNAs has proven challenging!. Standard assays based on
amplification by polymerase chain reaction (PCR), although highly
sensitive, require time-consuming extraction and amplification steps.
Next-generation sequencing approaches enable high-throughput
profiling of RNA transcripts, but cannot reliably quantify low-abundance
analytes (Supplementary Note 1). Although a number of sensitive,
amplification-free nucleic acid assays have been reported?=>, these
typically suffer from significant false positives and/or strict limits on
target specificity imposed by the thermodynamics of hybridization®
(Supplementary Note 1).

Here we present a technique for the amplification-free, single-
molecule detection of unlabeled RNA biomarkers that circumvents
many of the above issues. The SIMREPS approach is inspired by
the super-resolution imaging technique DNA-PAINT7 and exploits
the direct binding of a short (9- to 10-nucleotide, nt) fluorescently
labeled DNA probe to an unlabeled miRNA analyte immobilized on
a glass surface (Fig. 1a). Using total internal reflection fluorescence
(TIRF) microscopy®?, both specific binding to the immobilized
target and nonspecific surface binding are detected (Supplementary
Fig. 1). However, the equilibrium binding of the probe to the target
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yields a distinctive kinetic signature, or fingerprint, that can be used
to achieve ultra-high discrimination against background binding
(Fig. 1b,c). Because the kinetics of exchange for probes of ~6-12 nt
are highly sensitive to the number of complementary bases between
the probe and target”-1%11, varying the length of the probe allows
fine-tuning of the kinetic behavior to improve specificity of detection.
For the probes used in this study, kinetics of binding and dissociation
were found to be more closely correlated to probe length than to the
melting temperature of the duplex (Supplementary Fig. 2).

As the transient binding of probes to an immobilized target
can be idealized as a Poisson process, the s.d. in the number of
binding and dissociation events (Nj,4) is expected to increase
only as \/Ny,4 , implying that the observation time can be lengthened
to achieve arbitrarily high discrimination between target and off-target
binding (Supplementary Note 2). Consistent with this expectation, as
the experimental acquisition time is increased, the signal and back-
ground peaks in histograms of Ny, ; are progressively better resolved
(Fig. 1d), and the width of the signal distribution increases only
as \/[Npyq (Supplementary Fig. 3). Note that the choice of probe
length is critical to achieve this separation on convenient experimen-
tal time scales (Supplementary Fig. 4).

To test the generality of SIMREPS, we evaluated four human
miRNAs that are dysregulated in cancer and other diseases!> 14,
hsa-let-7a, hsa-miR-21, hsa-miR-16 and hsa-miR-141, and one
non-human miRNA from Caenorhabditis elegans, cel-miR-39
(Supplementary Fig. 5). Although the binding kinetics varied
among the target-probe pairs, the signal and background peaks were
well-separated for all targets (Supplementary Fig. 5b); by stipu-
lating a threshold of Ny, = 15, empirically perfect discrimination
(specificity = 1) was achieved (Supplementary Fig. 5e). Standard
curves constructed using this threshold for the five miRNAs show a
linear dependence on target concentration of over two to three orders
of magnitude (Fig. 1e).

Because the lifetime of a short DNA duplex increases as an approxi-
mately exponential function of the number of base pairs” 1011, we
reasoned that SIMREPS might be used to achieve excellent single-base
discrimination. To test this hypothesis, we used a single fluorescent
probe to discriminate between two let-7 family members, hsa-let-7a
and hsa-let-7c. We found that the lifetime of the probe-bound state
Ton differed by a factor of ~4.7 for the two targets, whereas the
unbound-state lifetime T,¢ showed no target dependence (Fig. 2a,b).
Photobleaching is much slower than probe dissociation under our
illumination conditions (Supplementary Fig. 6). With the standard
acquisition time of 10 min, let-7a and let-7c could be distinguished
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Figure 1 High-confidence detection of miRNAs
with SIMREPS. (a) Experimental approach of
SIMREPS detection of miRNAs. An immobilized
miRNA target is identified by fluorescence
microscopy as the site of repeated transient
binding by short fluorescent DNA probes.

(b,c) Binding of probes to the slide surface (b)
exhibits kinetic behavior distinct from that of
binding to a target molecule (c) (red, fluorescence
intensity; blue, idealization from hidden Markov
modeling). (d) Histograms of the number of
candidate molecules showing a given number

of intensity transitions (Np,4) in the absence
(gray) or presence (red) of 1 pM miR-141 with
varying acquisition times. (e) Standard

curves from SIMREPS assays of five miRNAs.
Linear fits were constrained to a y-intercept

of 0, yielding R? values < 0.99.

at the single-copy level with a discrimination
factor >100 at >96% sensitivity, or with a dis-
crimination factor >570 (beyond the limit of
quantification in this experiment) at ~70%
sensitivity (Fig. 2b,c and Supplementary
Fig. 7). Not only is this substantially larger
than the typical discrimination factors of
2-100 reported for single mismatches using
other hybridization-based probes>*615,
but as SiMREPS achieves discrimination at
the single-molecule level, it is possible to
independently quantify a target and a point
mutant with high confidence in a mixture
containing both species.

The high sensitivity and specificity of SIMREPS suggest that it may
be capable of high-confidence RNA detection in complex biological
matrices. To test this notion, we used SIMREPS to detect hsa-let-7a in a
HeLa whole-cell extract. The Ny, s histogram for endogenous hsa-let-7a
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showed a well-defined peak (Fig. 2d), similar to that observed
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Figure 2 Single-molecule mismatch discrimination and detection of

RNAs in crude biological matrices. (a) The fluorescent probe for let-7a
exhibits long lifetimes of binding to let-7a (1,, = 23.3 £ 8.3 s) but much
more transient binding to let-7¢ (1o, = 4.7 £ 3.0 s) due to a single mismatch.
(b) Dwell time analysis enables high-confidence, single-copy-level 0
discrimination between /et-7a and /et-7c. (c) Receiver operating
characteristic plot constructed by varying the 1, threshold for o
discriminating between let-7a and let-7c. (d) Ny, 4 histogram for the
detection of /et-7 in Hela cell extract in the presence (gray) or absence
(red) of the miRCURY /et-7 inhibitor. (e) Dwell times for molecules detected
in HelLa extract using the fluorescent and capture probes for /et-7a. The
filled and open circles represent two clusters of target molecules classified 0
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for synthetic hsa-let-7a (Supplementary Fig. 5a) and hsa-let-7c
(Supplementary Fig. 7), which vanished in the presence of an LNA
(locked nucleic acid) let-7 inhibitor designed to bind and sequester
let-7 family members. Notably, dwell time analysis of the fluorescent
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probe binding events yielded two populations of molecules that
were readily resolved by k-means clustering of the 7, values (Fig. 2e)
and are consistent with the expected 7, distributions for hsa-let-7a
and hsa-let-7c.

To investigate whether SiMREPS can detect miRNAs of clinical
interest in minimally treated biofluids, we conducted the assay for the
prostate cancer biomarker hsa-miR-141 (ref. 16) in a serum sample
from a healthy individual after spiking in varying concentrations of
synthetic hsa-miR-141 together with SDS and proteinase K to protect
against RNase activity (Supplementary Fig. 8). The measured con-
centration (calibrated from Fig. 1e) was strongly correlated with the
nominal spiked-in concentration (Fig. 2f, R > 0.999, slope = 1.07).
Consistent with the expected low concentration (0.1-5 fM) of
miR-141 in the serum of healthy individuals!®, we measured a con-
centration of 0.4 £ 0.5 fM (s.e.m., n = 3) in this serum specimen
in the absence of spiked-in synthetic miR-141.

We have presented a method for the rapid, high-confidence, direct
detection and quantification of specific nucleic acid biomarkers with
transiently binding probes. SIMREPS lends itself to miniaturization,
multiplexing and extension to non-TIRF, microscopy-based detec-
tion approaches!”-18, so we expect it to find broad application in both
clinical diagnostics and research.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the online
version of the paper.
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ONLINE METHODS

Oligonucleotides. All miRNA samples were purchased from Integrated
DNA Technologies with a 5’-phosphate modification and high-performance
liquid chromatography (HPLC) purification, except for let-7a and let-7c, which
were purchased from Dharmacon with a 5’-phosphate modification, depro-
tected according to the supplier’s instructions, and purified by reversed-phase
C1g HPLC (Varian ProStar 210, Waters SunFire C18). All DNA probes were
purchased from IDT and HPLC-purified by the manufacturer. LNA capture
probes were purchased from Exiqon with HPLC purification.

Single-molecule fluorescence microscopy. SIMREPS experiments were per-
formed using either a previously described prism-type TIRF microscope!®
(HeLa extract experiments) or a Olympus IX-81 objective-type TIRF micro-
scope equipped with a 60 x oil-immersion objective (APON 60XOTIRFM,
1.49NA) as well as CellATIRF and z-drift control modules (all other experi-
ments). For prism-type TIRF microscopy experiments, fluidic sample cells
were constructed using two pieces of double-sided tape sandwiched between
a quartz slide and glass coverslip as previously described!® (Supplementary
Fig. 9a). For objective-type TIRF microscopy measurements, sample cells were
constructed by fixing a cut 1-cm length of a pipet tip (Eppendorf) to a coverslip
using epoxy adhesive (Double Bubble, Hardman Adhesives; Supplementary
Fig. 9b). In either case, imaging surface (quartz slide or coverslip) was coated
with a 1:10 mixture of biotin-PEG-5000 and mPEG-5000 (Laysan Bio, Inc.)
immediately before construction of the sample cell as previously described?’.
Prepared slides were stored in the dark for up to 2 weeks.

SiMREPS quantification of synthetic miRNAs. Quantification of synthetic
miRNA targets by SiMREPS was performed as follows. All miRNA handling
was performed in GeneMate low-adhesion 1.7-ml microcentrifuge tubes, and
dilutions for standard curves were performed in the presence of 0.03 mg/ml
oligo(dT}) (Integrated DNA Technologies) as a carrier. The slide surface was
briefly incubated with T50 buffer (10 mM Tris-HCI, 1 mm EDTA, pH 8.0) fol-
lowed by 1 mg/ml streptavidin. After 10 min, excess streptavidin was flushed
out by three volumes of T50. The surface was then incubated with 20 nM of
the appropriate biotinylated LNA capture probe (Exiqon, Inc.) in 1x PBS buffer
for 10 min, and the excess flushed out by three volumes of 1x PBS. A 100-pl
portion of target RNA (hsa-let-7a, hsa-miR-16, hsa-miR-21, cel-miR-39 or
hsa-miR-141) was introduced into the sample chamber and incubated for
10 min (prism-type TIRF microscopy) or 60 min (objective-type TIRF micro-
scopy). The longer incubation time for the objective-type TIRF microscopy
measurements was necessary because of the tall (~1 cm) sample cell, which
slowed the transport of analyte to the imaging surface. An imaging buffer
containing 4x PBS, 2.5 mM 3,4-dihydroxybenzoate, 25 nM protocatechuate
dioxygenase, 1 mM Trolox?!, and 25 nM of the Cy3- or Cy5-labeled fluorescent
probe was added to the sample chamber. The transient binding of probes to
captured target molecules was monitored for 10 min under illumination by
532 nm and/or 640 nm laser light. Image acquisition was performed at a rate
of 2 Hz using an iCCD camera (iPentamax:HQ Gen III, Roper Scientific, MCP
gain 70) for measurements of let-7 in HeLa extract, and an EMCCD camera
(IXon 897, Andor, EM gain 1000) for all other measurements.

Detection of endogenous let-7 in crude HeLa extract. A 5-pl aliquot of HeLa
whole cell extract (from Thermo Scientific In-Vitro Protein Expression Kit,
#88881) was incubated for 5 min at room temperature in the presence of 0 or
1.7% (w/v) sodium dodecyl sulfate (SDS) and 0 or 140 nM miRCURY let-7
inhibitor (Exiqon). We found that SDS treatment was essential for detection
of endogenous let-7 in HeLa extract; all data shown in Figure 2d-e resulted
from experiments in the presence of SDS. The lysate was vortexed, diluted
100-fold in 4x PBS imaging buffer containing 25 nM of the fluorescent probe
for hsa-let-7a, and added to a microscope slide coated with an excess of the
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LNA capture probe. After al0-min incubation, the transient binding of the
fluorescent probe was observed by prism-type TIRF microscopy for 10 min
as described above.

Detection of synthetic miR-141 spiked into crude serum. 50 pl of freshly
thawed human serum (BioreclamationI VT, #BRH844152) was combined with
SDS (final 2% w/v), proteinase K (New England BioLabs, Inc., P8107S; final
concentration 0.16 units/ul), and synthetic hsa-miR-141, and incubated for
15 min at room temperature. Next, EDTA was added to a final concentration
of 20 mM, and the sample heated to 90 °C in a copper bath for 2 min. After
cooling to room temperature for 5 min, each sample was allowed to bind to
the microscope coverslip surface for 1 h. Residual serum was removed, the
surface washed with 1x PBS, and imaging carried out by objective-type TIRF
microscopy as described above. The measured concentration of miR-141 was
calculated using the standard curve collected in buffer (Fig. 1e).

Analysis of SiMREPS data. Custom MATLAB code was used to identify sites
of fluorescent probe binding and calculate intensity-versus-time trajectories
from the CCD movie. Intensity trajectories were subjected to hidden Markov
modeling (HMM) using QuB?? in order to identify the number of binding
and/or dissociation events (Np, 4) and mean dwell times in the bound (7,,,) and
unbound (7,) states for each candidate molecule. Based on control measure-
ments in absence of target, a threshold of N, ;=15 (6 5.d. above background)
was used to identify target molecules. Additional filtering criteria were used to
reject spurious transitions detected by the HMM software: to be counted as a
target molecule, a candidate must (i) have a mean bound-state intensity signal
at least 2.5 s.d. and 1,000 counts above the mean background intensity, and
(ii) exhibit median values of 7,, and 7, of at least 4 s. In the case of let-7a and
let-7¢ discrimination, an intensity threshold of 500 counts was used instead,
and criterion (ii) was not applied as it would have eliminated a large fraction
of let-7c molecules from analysis.

Kinetic Monte Carlo simulations of probe binding. SiMREPS probing of
an immobilized target was simulated in MATLAB with the assumption of
(pseudo-) first-order kinetics for both binding and dissociation. A random-
number generator was used to make stochastic decisions as to whether a mol-
ecule will undergo a transition within discrete time steps of 0.5 s. The matrix
of per-frame transition probabilities was generated from specified first-order
rate constants. The number of transitions was recorded for each molecule for
subsequent analysis (Supplementary Note 2 and Supplementary Fig. 10).

PAGE assay of miRNA degradation in human serum. Synthetic miR-16
(final concentration 1 pM) was combined with sodium dodecyl sulfate (SDS,
final concentration 0 or 2% w/v), proteinase K (New England BioLabs, final
concentration 0, 0.08, 0.16, or 0.32 units/pl), and deionized water, then mixed
with either PBS, pH 7.4 (final concentration 1x, Gibco) or human serum (final
50% v/v BioreclamationIVT) to a total volume of 20 pl. After 15 min incuba-
tion, samples were either left at room temperature or spiked with 2 ul EDTA
(final concentration 20 mM) and heated to 90 °C for 2 min in a copper bath,
then brought back to room temperature. Samples were incubated for 1 h more
at room temperature, then separated on a denaturing, 8 M urea, 20% (w/v)
polyacrylamide gel. The gel was stained using SYBR gold (Life Technologies)
and imaged on a Typhoon 9410 Variable Mode Imager (GE Healthcare
Life Sciences).
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