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Nanopore Translocation Dynamics of a Single DNA-Bound Protein
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ABSTRACT: We study the translocation dynamics of a single
protein molecule attached to a double-stranded DNA that is
threaded through a solid-state nanopore by optical tweezers and
an electric field (nanopore force spectroscopy). We find distinct
asymmetric and retarded force signals that depend on the
protein charge, the DNA elasticity and its counterionic screen-
ing in the buffer. A theoretical model where an isolated charge
on an elastic, polyelectrolyte strand is experiencing an anhar-
monic nanopore potential was developed. Its results compare
very well with the measured force curves and explain the experi-
mental findings that the force depends linearly on the applied
electric field and exhibits a small hysteresis during back and
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forth translocation cycles. Moreover, the translocation dynamics reflects the stochastic nature of the thermally activated hopping
between two adjacent states in the nanopore that can be adequately described by Kramers rate theory.
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he investigation and quantification of molecular transloca-

tion phenomena through nanopores (NPs) has gained
widespread attention during the past decade." Numerous appli-
cations were either developed or envisioned to monitor the
translocation of individual molecules like nucleic acids or pro-
teins through artificial solid state NPs for sieving,2 biosensing,3
and even DNA-sequencing* ® purposes. Therefore, Coulter
counter based setups’ were developed, where changes in elec-
trical conductance of a NP are detected at remarkable sensitivity
and time-resolution that could be statistically analyzed and
attributed to molecular passages. Since in these confined fluidic
environments with reduced dimensions concepts of micro- and
nanofluidics apply, phenomena like Brownian motion, electro-
phoresis, electroosmosis, and electrostatic screening have to be
considered.® Whereas in the early experiments the stochastic
one-by-one translocation of denumerable molecules through
solid-state NPs was statistically analyzed,” very recent experi-
ments focus on the manipulation and translocation of an indi-
vidual molecule (like DNA) that can be reversibly threaded in
and out a NP, for example, by optical tweezers (OT).'>"!

In this Letter, we report on the controlled translocation of a
single protein molecule attached to a single double-stranded DNA
through a Si;N, solid-state NP by means of OT and an electric field
under buffer conditions (single molecule NP force spectroscopy).
Its associated charge-dependent experimental force response and
dynamics are theoretically modeled within a framework of ther-
mally activated transitions in a time-dependent two-state NP
potential, accounting for the local electric field, its ionic environ-
ment, the optical trap stiffness, and the elasticity of the DNA.

We used a 3D quantitative OT system that allowed manipula-
tion and steering of polystyrene microbeads under buffer condi-
tions in a microfluidic nanopore cell as well as measurement of
the minute piconewton forces acting on the bead (Figure 1a).""
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Our single-beam OT system is equipped with confocal light
guiding that incorporates an optical obstruction filter eliminating
all axial light components. The latter is imperative to carefully
measure the small force contributions of a single translocating
molecule since it significantly reduces unwanted interference
signals from the thin membrane in backscattered light detection
mode. Individual Lambda bacteriophage DNA molecules (48 502
basepairs (bp), 16.4 um contour length) were functionalized at
one end with several biotins and individually attached to a
streptavidin-coated polystyrene bead. The DNA-bead constructs
were kept in buffer solution (20 mM KCl and 2 mM Tris/HCl at
pH 8.0) at 22 °C and introduced into our NP fluidic cell. The
solid state Si;N,-membrane (20 nm thickness) was milled with a
He-ion microscope (Zeiss, Oberkochen, D) rendering nanopore
openings with typically 20—60 nm in diameter. The membrane
was integrated into the fluidic cell so that the two sides of the
membrane were only electrically contacted via the NP. In order
to probe the force response of an individual protein attached to
DNA when being threaded through a NP, we introduced either
EcoRI (31 kDa, monomer) or RecA (38 kDa) proteins.

A representative first example for EcoRI is depicted in Figure 2,
exhibiting a characteristic asymmetric force fingerprint (dip)
with a retarded force increase extending over more than 200 nm.
Qualitatively, these findings can be readily understood from the
force balance indicated in Figure la and the fact that the
externally applied voltage drop mainly occurs close to the pore:
The concomitant electrical field “through” the pore generates a
constant “pulling” force on the negatively charged DNA, visible
as constant “background” force of about 11pN in Figure 2. While
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Figure 1. (a) Single molecule NP force spectroscopy: a microbead with an attached DNA molecule is optically trapped in the vicinity of a solid state NP.
A membrane voltage drives the negatively charged DNA into the NP. The electrokinetic forces on the DNA are balanced by the force acting on the bead
in the optical trap. The distance between trap and membrane can be continuously varied with nanometer precision. In the force—distance curve, two
isolated DNA-bound proteins can be detected as distinct signals by unthreading the DNA strand out of the NP. (b) Ilustration of the different length

variables as used in the theoretical modeling.
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Figure 2. Force response of an individual EcoRI protein/DNA complex
translocating through a solid state NP (45 nm pore diam.; U = +50 mV,
constant threading velocity z = v of 100 nm/s. Black, experiment; red,
theory).

the positively charged protein attached to the DNA is passing
through the pore, this pulling force is temporarily reduced. More
precisely, as the protein is approaching the pore, at some point
the force equilibrium destabilizes and the protein moves very
quickly through the pore toward a new force equilibrium at a
reduced DNA-strain to be balanced by the OT (“downward
jump” in Figure 2). As z further increases, the protein is steadily
pulled away from the pore region and hence contributes less and
less to the force equilibrium (increasing force in Figure 2).
Quantitatively, we model the setup from Figure 1a by means of
two state variables: (1) the distance r between the bead center
and the NP, and (2) the contour length s of the DNA segment
between bead and NP (see graphical representation in
Figure 1b). The optical trap at distance z from the NP exerts a
force F = k(z — r) on the bead with an experimentally deter-
mined “elasticity” of x = 0.05pN/nm."" The corresponding trap
potential is therefore V,(r) = (x/2)(z — r)*. Likewise, the force
on the charged DNA-strand derives from a potential Vpya(s) =
&sU, where ¢ is the line charge density along the DNA and U the
applied membrane voltage. Further, the DNA segment of length
s between bead and NP gives rise to entropic forces, deriving
from the wormlike-chain (WLC) potential'> V,,(r,s) = (kT/A) x
[(s/4){(1 — (d/s)) " — 1} — (d/4) + (d*/2s)], whered=r — p

with bead radius p = 1.64 ym is the relevant end-to-end distance

of the DNA segment, A = 50 nm is its persistence length,13 kis
Boltzmann’s constant, and T = 295 K. Finally, the protein
attached to the DNA is modeled as a point charge g and the
associated electrostatic potential along the pore axis ®(z) is
numerically determined from Laplace’s equation for a noncon-
ducting plane, surrounded by a conducting liquid and exhibiting
a pore, whose size and shape approximately emulate the experi-
mentally known data. As already mentioned, one finds that ®(z)
is practically constant outside the immediate neighborhood
of the pore. Assuming that in this region the DNA sojourns
close to the pore axis, and s, denotes the DNA contour length
between bead and protein, it follows that (s, — s) is the relevant
DNA contour length between protein and pore center, and
Vy(s) = q®(sp — s) the concomitant potential energy. Note that
the latter also accounts for electroosmotic flow (EOF) due to a
well-known “similitude” between electrophoresis and electro-
osmosis,"* provided q is considered as a correspondingly renor-
malized (but still U-independent), “effective” charge. We further
note that, since it is unknown where the protein attaches to the
DNA, s, is a fit parameter of our model.

Altogether, our state variables r and s are thus subject to the
total potential

V(r, s) = Vt(r) + VDNA(S) + lec("; 5) + Vp(s) (1)

and their time evolution is governed by the Langevin dynamics

aV(r,s
mr = - E()r )"’ V 2kT771§1(t)

Wos), e @

S

N$ = —
As usual, in stochastic modelingls‘16 the friction coefficients
71, and the O-correlated Gaussian noises &, , account for the
dissipation and fluctuation effects of all the “fast” molecular
degrees of freedom of the ambient fluid and of the DNA. Stokes
friction of the bead (radius p = 1.64 um) was calculated to
71 = 3.1 x 10 ° pNs/nm. For the corresponding (Stokes)
friction of the DNA 17,, we estimated 7, = 1076pNs/nm, as
adopted from ref 17.
Introducing our above explicit expressions for the various
potentials on the right-hand side of eq 1, one finds that the total
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NP potential V(r,s) exhibits two minima (potential wells),
corresponding to two metastable “states” in Figure 1 with the
charged protein on either side of the membrane. This bistability
is restricted to trap positions z within some finite interval,
otherwise V(r,s) from (1) exhibits a single well. As the trap z
moves forward (downward in Figure 1), the dynamics (2) starts
off with small thermal fluctuations of r and s about the accom-
panying single well of V(r,s) (“state 1”). At some (bifurcation)
point, a small secondary minimum of V(r,s) is born (“state 2”),
which subsequently deepens, while the original minimum is
fading away. As a result, the dynamics (2) exhibits noise induced
transitions from state 1 into state 2, accompanied by a “jump” of
the force F = k(z — r), see Figure 2. In other words, we recover
our previous qualitative picture of what is going on, but now also
including all the quantitative details.

The actual values of € and q depend in a very complex way on
the real molecular charges and on their jonic environment via
screening effects and EOF,"*'7"® which in turn also depend on
the pore geometry and material. In the absence of a quantitative
theory, we estimated € and q from the experimental data, yielding
€ = — 1.23¢/nm for the naked DNA (equivalent to —0.41¢/bp)
and q = +59.5¢ for a single protein EcoRI (Figure 2). Whereas
the measured charge per DNA bp (bp-distance = 0.334 nm,
nominal (bare) charge per bp = — 2e) can be associated with an
effective screening of (1 — 0.41/2) = 0.79, which nicely corres-
ponds with earlier static experiments,'® the measured effective

protein charge is remarkably large and typically varies between
1S — 60e for DNA-bound EcoRI and different nanopores. The
latter reflects different DNA—protein complex configurations as
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Figure 3. Force response of an individual RecA protein/DNA complex
translocating through a solid state NP (45 nm pore diam.; U = +20 mV,
threading velocity v = 100 nm/s. Black, experiment; red, theory).

Experiment

well as considerable EOF effects contributing via frictional forces
along the DNA strand to the measured force equilibrium and
hence affect the nominal effective charge ¢."*'”'® It is worth
noting, that EcoRI is known to bind to DNA in specific and
nonspecific ways*® leading to several complex configurations
where differently (charged) surface areas are exposed. In addi-
tion, the membrane charge density (mainly due to OH  on
SisN,/Si0,) inside the NPs varies between different NPs,
leading to different EOF contributions. This variation in effective
charge can directly be estimated from the measured peak area,
corresponding to ~ qU.

As a second example, Figure 3 shows a typical force response
curve for the protein RecA. Whereas EcoRI gives rise to a
force “dip” (Figure 2), the signature of RecA is a force “peak”
(Figure 3), which is moreover much broader. The reason is that
the two proteins are oppositely charged and that unlike EcoRlI,
which can be assumed to bind to DNA as an isolated protein (see
also Figure 1), RecA is known to bind cooperatively to DNA,
forming negatively charged oligo- or multimeric assemblies.'” 2t
In the theory, this fact is accounted for by replacing the point
charge g with a charge density &, along a small DNA segment of
length Asp. Our best fit in Figure 3 was obtained for &p = —2.8¢/
nm and As;, = 250 nm, resulting in a total effective protein charge
of —700e. Assuming typically 50 RecA proteins in series, this
would hint to an average effective charge of = —14e per protein,
roughly corresponding to the determined effective (absolute)
charge of the EcoRI protein.

Returning to EcoRI, Figure 4 shows the measured voltage
dependency of the force signals, again in very good agreement
with the theory. Clearly, an increase in membrane voltage U has
three main effects: (i) The effective force acting on the naked
DNA strand increases almost linearly with U. The tiny deviations
from a strictly linear U-dependence are at the edge of the
experimental uncertainties in Figure 4 and are correctly repro-
duced by the theory. (ii) The position of the force jump moves
toward larger z-distances. According to our theory, the latter is
not due to a real protein migration along the DNA strand, but
rather due to an elastic DNA elongation and a displacement of
the bead inside the optical trap as reaction to the larger elec-
trical forces. (iii) As indicated above, the measured peak areas
increase with the voltage according to qU.

In contrast to Figure 2, an entire back-and-forth translocation
cycle in experiment and theory is presented in Figure S, featuring
a small but still clearly visible hysteresis of the force jump. Our
theoretical explanation of the observed hysteresis is that the noise
activated transitions between the two “states” of V(r,s) according
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Figure 4. Voltage dependency of the force response signals (EcoRI/DNA, 30 nm pore diam., v = 100 nm/s. Left, experiment; right, theory). For details

see text.
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Figure 5. Force response signals of a threading and unthreading translocation cycle, exhibiting a small hysteresis in experiment (left) and theory (right).
(EcoRI/DNA, 45 nm pore diam, U = +50 mV, v = 100 nm/s). For details see text.
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Figure 6. Upper inset: Time-dependent transitions between NP states
1 and 2 at a fixed trap position with 50/50 occupancy of both states
(EcoRI/DNA, S0 nm pore diam, U = +40 mV). Lower inset: Voltage
dependent mean residence time 7 at 50/50 occupancy. Main plot:
Distance dependence of state 1 occupancy for U = +40 mV (black) and
U = +70 mV (red).

to eqs 1 and 2 are slower than the temporal changes of the
potential V(r,s) itself. Therefore, the actual transitions from
“state 1”7 into “state 2” are “retarded” when z moves forward
(unthreading), and exhibit an opposite “delay” upon threading.
The corresponding intuitive picture is as follows: In Figure 1a,
the negatively charged DNA-strand is pulled upward by the
electrical field. As the microbead moves downward, the positively
charged protein approaches the pore. As a consequence, the net
electrical force on the DNA—protein complex diminishes until it
is unable to counterbalance the pulling force exerted by the bead.
At this moment, the protein slips through the pore and proceeds
until a new stable force balance is reached, observable as down-
ward jump inside the unthreading force signal of Figure 5. When
the bead reaches the very same position on its way upward, the
force balance is still stable. Only when the bead moves further
upward, an analogous instability occurs, observable as upward
jump inside the threading force signal.

In a next experiment, we experimentally fine-tuned the trap
position z to a 50/50 occupancy of both states (upper inset of
Figure 6) and determined the corresponding mean residence
time 7 within one state. The results for several different mem-
brane voltages U are presented 1n the lower 1nset of Figure 6.
According to Kramers rate theory'® 7 = 7, exp(AE'/kT), where
the activation energy AE'is approximately proportional to Uand
the prefactor 7, independent of U for our specific model

potential V(r,s) from (2). Figure 6 confirms this theoretical
prediction yleldmg an activation energy of 2.1 meV/mV, corre-
sponding to AE*=0.103 eV = 4kT at U = 50 mV, and 7, = 4 ms
for the prefactor. Finally, Figure 6 illustrates that minute varia-
tions of the trap position z drastically change the occupation
probabilities of the two states. This extreme fragility of the 50/50
occupation balance is theoretically explained by the above-
mentioned exponential dependence of 7 on AE". In the future,
we plan to exploit this sensitivity to further improve the resolu-
tion of our device.

In conclusion, our experiments provide convincing evidence
that force controlled translocation dynamics of a (discretized)
biopolymer through a NP is accompanied by a thermally
induced, stochastic hopping between two adjacent NP states
that can adequately be described by Kramers rate theory. Beyond
the possibility to detect and reversibly control the position of a
single translocating protein attached to a DNA strand, obviously
the overall elasticity of the DNA-polymer significantly contri-
butes to the retarded force response signals when threaded
through a NP. With the current NP architecture a clear dis-
crimination of two neighboring, close-packed proteins on a
DNA-strand or, for example, of two adjacent nucleic acid bases
is very difficult, and sets a serious limit for the possibility of force-
controlled DNA mapping and sequencing applications. How-
ever, it will be interesting to pursue if, beyond the absolute force,
the extremely sensitive and associated force fluctuation dynamics
can be used to map or even sequence biopolymers like DNA
during translocation. Further analysis concepts may either
make use of a narrowed barrier between the NP states and/or
a reduced distance between the two states by usmg thinner
membranes (e.g., carbon nanosheets®* or graphene™®) as well as
NPs with a much smaller pore diameter. In either case, these
force controlled concepts will compete with Coulter counter
based analysis concepts using protein NPs>** or nanoelectric
ratcheting devices® and make the topic of single molecule NP
based spectroscopy and analysis very timely and promising.
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