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Abstract

Single-molecule detection enables direct characterization of annealing/melting kinetics of nucleic
acids without the need for synchronization of molecular states, but the current experiments are not
carried out in a native cellular context. Here we describe an integrated 3D single-molecule
tracking and lifetime measurement method that can follow individual DNA molecules diffusing
inside a mammalian cell and observe multiple annealing and melting events on the same
molecules. By comparing the hybridization Kinetics of the same DNA strand /7 vitro, we found the
association constants can be 13- to 163-fold higher in the molecular crowding cellular
environment.

Short nucleic acid (NA) oligomers are involved in many key cellular processes! and can be
used as treatment for diseases.? While hybridization with their specific targets is the most
critical function of these short NAs inside cells, directly observing the annealing/melting
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kinetics of individual NA molecules in a cellular environment is challenging. Forster
resonance energy transfer (FRET)-based ensemble methods can probe hybridization kinetics
of small oligomers in live cells,3 but the required external perturbation to synchronize
molecular states (e.g., temperature jump) puts the cells under an unhealthy, non-native
physiological condition. Although single-molecule detection methods bypass the need of
external perturbation, the current kinetics measurements are carried out on a surface®=8 or
inside a trap.%-11 As the conditions for these single-molecule experiments are not
physiologically relevant, there has been speculation that the hybridization kinetics are
different inside cells.312:13

Here we show a time-resolved 3D single-molecule tracking (3D-SMT) method that allows
us to follow a single DNA molecule diffusing in solution or in a cell for hundreds of
milliseconds to a few seconds and observe changes of the binding states multiple times on
the same molecule. The 3D position of the DNA molecule is estimated by spatial filtering
using multiple pinholes/detectors4-16 (Figures 1A and S1). Through active 3D tracking, our
single-molecule observation window is 100 to 1000 times longer than the typical 1 ms
single-molecule observation time in fluorescence correlation spectroscopy (FCS). While
following a DNA molecule diffusing in the 3D space, we simultaneously monitor the
lifetime of the fluorescent tag on the oligomer (Figures 1B and S2). When this fluorophore-
labeled strand (termed the reporter strand) hybridizes with a quencher-tagged
complementary strand (termed the quencher strand), the fluorescent tag is partially
quenched, leading to a shorter lifetime. In our model system (Figure S3), the duplex is
unstable, with an average dwell time for the annealing state (z,,) of 101 ms. As a result,
“digital” switching between the melting/unquenched state (long lifetime) and the annealing/
quenched state (short lifetime) can be observed in the fluorescence lifetime trace (Figure
1C). Without the quencher strand, the lifetime shows no sign of digital switching. The state
evolution can be uncovered using a hidden Markov model.1” The hybridization/melting
kinetics of DNA can then be derived from the transition probability matrix'8-1° (Figure 2).

While our measurements well represented the real kinetics in solution (preserving
molecule’s conformational, rotational and binding degrees of freedom® and eliminating any
interferences from the surface or the trap6), the 3D-SMT method has not been applied to
measure the hybridization kinetics of small oligomers directly inside mammalian cells.
Using 3D-SMT, here we evaluated and compared the /n vitroand in vivo kinetics of 3
reporter strands with different GC content and DNA maodification: (1) 87.5% GC strand
(TGGGCGGG), (2) 37.5% GC strand (TGATTGTG), and (3) 87.5% phosphorothioate (PS)-
modified GC strand (T*GG*GC*GG*G). For /n vitro measurements, with the corresponding
quencher strand in solution, two states could be clearly seen in both lifetime traces (3.6 ns vs
2.4 ns Figures S4-S6) and lifetime histograms (Figure S7). When the concentration of the
quencher strand increased by 3-fold, the histogram of the reporter strand (87.5% GC)
showed a 2-fold increase in the bound-state population (Figure 3A). Transition probability
(P12) from the unbound state (state 1) to the bound state (state 2) also increased by 1.3-fold
(Figure 3B). The apparent annealing rate k ', exhibited a linear dependence on the quencher
strand concentration, while the melting rate Ay was concentration independent (Figure 3C,
3D, and Table S1). Our /n vitro measurements showed that the 87.5% GC strand had the
highest annealing rate (ko = 4.56 (+0.54)-106 M1 s71), the lowest melting rate (kof = 8.56
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+0.93 s71), and the largest association constant (K; = 0.53 + 0.08 £M~1) among the three
reporter strands tested (Table S3).

Whereas 3D-SMT provides bias-free single-molecule kinetics measurements in solution,
extending in vitro measurements to /n7 vivo measurements faces a number of challenges,
including unknown cellular delivery efficiency of the probes and low signal-to-noise ratio
(S/N ratio) in the cellular environment. Here we used electroporation for delivering reporter
and quencher strands into HeLa cells (Figures S8 and S9). Using FCS, we estimated the
delivery efficiency to be 5-18% (Figures S10-S13). To overcome the cellular
autofluorescence, the highly fluorescent Atto633 dye was used to label all reporter strands in
this study, reaching a signal level of 14 kHz and S/N ratio of 2.5 in live HelLa cells (Figure
S14). A clear photon-antibunching signature (Figure S15) confirmed the /n vivo tracking of
single Atto633-labeled reporter strands. In our time resolved tracking algorithm, ~100
recorded photons were sufficient for a lifetime estimate (Figures S16-S18).

By integrating a spinning disk unit with the 3D-SMT system (Figure S1), we could map the
3D trajectory of a reporter strand to the 3D volumetric image of a HeLa cell (Video S1). The
diffusivity of the reporter strand in HeLa cells was found to be 0.34 + 0.11 ym? s~1 (Figure
S19). Without any quencher strand in HelLa cell, the reporter strand exhibited a single
lifetime of 2.71 + 0.33 ns. With the corresponding quencher strand, digital switching could
be clearly seen in the lifetime traces, showing a quenched-state lifetime of 1.70 + 0.38 ns
(Figures S20 and S21). We noticed a 0.7 ns difference in the /in vitroand in vivo lifetime
values (Figure 4), due to the fact that fluorescence lifetime is a function of pH, viscosity,
temperature, oxygen, glucose and ion concentrations, and refractive index of the
measurement environment.20 While the 87.5% GC strand still exhibited the longest average
dwell time in the bound state (zo, = 180 ms, Figure 4A), the highest annealing rate (kon =
492 (+236)-106 M1 s71), and the lowest melting rate (ks = 5.70 + 0.38 s71), we found the
in vivo hybridization kinetics of 87.5% GC strand 108fold higher than its in vitro value (492
vs 4.56 x 106 M~1 571 Tables S2 and S3). Compared to the in vitro studies, z,y, of the 87.5%
GC strand became longer in vivo but < got shorter (Figure 5A). From the kinetics map,
while we could see the ranking of 4, was 87.5% GC > 37.5% GC > 87.5% PS-GC and kg¢f
was 37.5% GC > 87.5% PS-GC > 87.5% GC for both /in vivoand in vitro studies (Figure
5B), the kg, variation became much larger /n vivo. Other than the changes in Ay and Aqss,
the transition probability matrices were also quite different in vivovs in vitro (Figure 4B).
The 87.5% GC strand was more likely to switch from the bound state to the unbound state /n
vitro (P21 > P12), whereas the 87.5% GC strand was easier to switch from the unbound state
to the bound state 7 vivo (P12 > P»q). All the above findings indicated a generally
accelerated DNA hybridization in vivo, which might result from the molecular crowding3
and the existence of recombination mediator proteins in cells.3 The difference in the
acceleration extent among the 3 model DNA might be related to sequence and modification.

While the in vitro high-resolution melting (HRM) analysis indicated PS modifications made
the duplex less stable?! (Figure S22, Table S5), there is no causative relationship between
the thermostability and the hybridization kinetics (see Supporting Information). Whereas
both ensemble (Figures S23 and S24) and single-molecule measurements (Figure 3) showed
the same Agp, trend among the 3 model DNA /n vitro, the results may not reflect the real
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kinetics in live cells. Although previous reports showed that more GC base pairs in the
duplex allow for faster zippering reactions,22:23 recent results indicated that structure-free
DNA sequences are the key to faster hybridization kinetics.2* However, even structure-free
sequences exhibit more than 2 orders of magnitude of variation in annealing rates.24
Whereas new models that predict DNA hybridization kinetics from sequence just started to
appear,24 these models have not considered the molecular crowding effect. While we found
the hybridization accelerates in the cellular environment, others have reported decelerated
hybridization kinetics in cells for oligomers with certain lengths and sequences.3 To
elucidate the sequence-dependent 4y, /77 Vivo, it is necessary to measure kg, of many
sequences in the native cellular context. Here we offer a bias-free 3D-SMT method to probe
single-molecule hybridization kinetics directly in cellular environment. Interestingly, while
the ranking of association constant (Kj3) was 87.5% GC strand (0.53 zM™1) > 87.5% PS-GC
strand (0.35 M) > 37.5% GC strand (0.22 xM™1) in vitro, the ranking changed to 87.5%
GC strand (86.2 1M™1, 163-fold increase) > 37.5% GC strand (15.8 /M1, 72-fold increase)
> 87.5% PS-GC strand (4.48 1M1, 13-fold increase) in vivo (Figure 5C). This meant the
phosphorothioate-modified strands can be thermodynamically less stable in the cellular
environment than we expected (which cannot be predicted by HRM analysis). This
information is critical to the use of modified nucleic acids in disease treatment, despite the
fact that they are resistant to the nuclease degradation.

In contrast to other confocal-feedback 3D single-particle tracking demonstrations,14:15 here
we demonstrate tracking of a single DNA reporter strand inside a live cell and measuring its
annealing-melting kinetics. Although camera-based techniques combined with point-spread
function engineering can achieve 3D tracking in live cells,25 they do not offer any lifetime
monitoring capability that can be used to reveal the molecular binding kinetics. While two-
color colocalization and 2D tracking can provide a full dimerization kinetics analysis of G
protein-coupled receptor in live cells, 26 the 2D-TIRF imaging method is not suitable to
probe the binding kinetics of a biomolecule deep in cytoplasm. On the contrary, our 3D-
SMT method uses multiple single-photon detectors2’ or multiplexed pulsed laser
illuminations?8 to achieve spatial filtering,2” which not only allows for deep and high-
resolution 3D localization of single molecules in live cells,2° but enables simultaneous
characterization of molecular binding state through a continuous lifetime measurement.16
The data acquired can be used to generate new models that can predict /n vivo hybridization
kinetics from sequence, study the molecular crowding inside cells and probe the cellular
development and transition states.
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Figurel.

(A) Optical design and (B) schematic of the confocal-feedback 3D-SMT system. By
comparing the differences in photon counts measured by 4 detection channels, the 3D
position of the tracked molecule is estimated. A feedback algorithm then drives the piezo
stage to bring the molecule back to the center of confocal volumes. Thus, the motion history
of the xyz piezo stage represents the 3D trajectory of the tracked molecule. (C) Composite
lifetime traces are different with and without the quencher strand.
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Figure2.
Using a time-correlated single-photon counting (TCSPC) module, we can time tag the

arrival photons and group them into consecutive time windows for lifetime analysis. Here
“1” represents the annealing/bound state while “2” represents the melting/unbound state. A
hidden Markov model is then used to identify the state transitions in the lifetime trace.
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Figure 3.
(A) Lifetime histograms of the 87.5% GC strand showing two lifetime states. At higher

guencher concentration, the bound-state population increased. This 7 vitro experiment was
carried out in the 70 wt % glycerol/20 mM Tris—HCI pH 8.0 solution. (B) Transition
probabilities between the melting and the annealing states at 200 and 600 nM quencher
concentrations. (C) Apparent annealing rates &’ o, of the 3 model DNA. The annealing rates
kon Were characterized by the slopes of the linear fits of X" y,,. (D) Melting rates ko of the 3
model DNA. The melting rates were independent of quencher concentration. 87.5% GC,
37.5% GC, and 87.5% PS-GC are represented by blue, green, and yellow filled circles.

JAm Chem Soc. Author manuscript; available in PMC 2020 April 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chen et al.

Page 10

A_:unbinding87.5% GC(Hela) 37.5% GC(Hela) 87.5% PS-GC  87.5% GC (solution)

~—'binding (HELH)

[o— ——n == e
"’T [N (] [N ] 1 n n n
24 i IERIIRPY K gt adn ]

o L
£

]

:g 2

-

' Tnme(s)
B>~ g g P P
cE8v o 8 1 12
S=8 ¢ LN 0.06
— = O 3
ZE% 2 2
soS 5 g Py Pzz
F&< 3 3 013 087 |

unbound bound 1 unbound bound

Figure 4.
(A) Representative lifetime traces of the 3 model DNA. The Viterbi path and the

corresponding states (red, unbound state; black, bound state) reveal different kinetic
behaviors among these systems. (B) Transition probability matrices of the 4 tested systems.
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(A) Mean bound vs mean unbound dwell times per Single-molecule trajectory. Blue filled
circle: 87.5% GC in vivo. Blue hollow circles: 87.5% GC /n vitro. (B) Kinetics map of Ayp
and Ayf showing the difference between /in vivoand in vitro measurements. The markers
represent different reporter strands either in live HeLa cells or in solution. (C) Bar graph
showing measured association constants (Kj) for in vivoand in vitro experiments.
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