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Biological nanochannels made from proteins play a central role
in cellular signalling!®. The rapid emergence of DNA
nanotechnology in recent years'®!* has opened up the
possibility of making similar nanochannels from DNA. Building
on previous work on switchable DNA nanocompartment!*!>, we
have constructed complex DNA nanosystems to investigate
the gating behaviour of these nanochannels. Here we show that
DNA nanochannels can be gated by stress exerted by
permeating solute particles at non-equilibrium states due to the
high flexibility of the nanochannels. This novel gating
mechanism results in tunable ratchet-like transport of solute
particles through the nanochannels. A simple model that
couples non-equilibrium channel gating with transport flux can
quantitatively explain a number of the phenomena we observe.
With only one set of model parameters, we can reproduce
diverse gating behaviours, modulated by an inherent gating
threshold. This work could lead to the development of new
devices based on DNA nanochannels.

The simple concept of active  DNA nanocompartments
(ADNCs)!*15 is outlined in Fig. la. A compact array of short
segments of double-stranded DNA (dsDNA) can form a
switchable membrane, in which a nanocompartment is formed
by means of a single-stranded DNA (ssDNA) spacer layer in the
vicinity of the substrate surface. For clarity, the ensemble of
densely packed dsDNA segments, (highlighted in green in the
right of Fig. 1a), excluding the ssDNA spacers is referred to as
the ‘dsDNA membrane’. Previous studies have shown that the
dsDNA membrane, at equilibrium states, is impermeable to
solute particles ~1nm in size when the dsDNA has a fully
complementary hybridization, whereas a single mutation in the
fuel DNA means that a leakproof membrane cannot be
formed!'!5. In principle, the apertures lined by the juxtaposed
nearest-neighbouring DNA duplexes in the dsDNA membrane
may serve as single-file nanochannels for certain solute particles
having sizes comparable to the channel diameters (~9-20 A), as
illustrated in Fig. 1b.

Our model nanosystem (Fig. la; see also Supplementary
Information, Fig. S1) comprises two components: a DNA
array  possessing an  ADNC  nanostructure, and a
1,4-phenylenediisothiocyanate (PDC) self-assembled monolayer
that can bind thionine molecules'. Because the reaction between
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PDC and thionine is reversible and exothermic (Fig. 1c; see also
Supplementary Information, Fig. S2), the PDC monolayer can be
used to store and release thionine, controlled by changes in
temperature (Fig. 1d, solid black line). This feature enables us to
regulate thionine concentrations inside the ADNCs using the
PDC monolayer, providing a means of triggering thionine
permeation across the dsDNA channels.

To drive the thionine molecules to move across the dsDNA
channels, we first let the PDC monolayer store thionine to
saturation, with the ADNC in the open state, and then close the
ADNC at T in the presence of thionine, where T, is defined as
the switching temperature at which the ADNC is closed fully by
hybridization. Under this condition, we profile the surface
concentration (I") of thionine confined inside the ADNC by
electrochemical methods'*'¢, while increasing the system
temperature at a rate of ~2-5 °C per 30 min starting from 0 °C
(see Methods). During the course of I'-T profiling, the thionine
concentration in the external solution is maintained at a constant
value (C, =10 uM). Meanwhile, the thionine concentration
inside the ADNC (denoted as C(t)) is controlled by both the
PDC monolayer and the gating of DNA channels. Typical I'-T
profiles (Fig. 1d) exhibit a stepwise decrease with increasing
temperature. The sustained concentration in a plateau indicates
that the DNA channels of the closed state prevent thionine from
diffusing out of the ADNC, whereas the sudden drop between
contiguous plateaux indicates that the DNA channels are opened
during the measurement step, allowing the thionine to permeate
into the external solution. The alternating transition between
plateaux and sudden drops in the same [—T profiles implies
ratchet-like, intermittent, controlled release of thionine through
the DNA channels. Figure 1d also clearly shows that increasing T
results in the decrease of both the maximum and the step
number of the I'-T profiles, suggesting that T. can be used to
modulate the behaviour of the profiles. Four control experiments
(see Methods), which all show nonlinear decay (typically shown
as the solid black line of Fig. 1d) and correspond to the situation
in which neither the closed-state ADNC nanostructure nor the
DNA channel is well formed, confirm that the stepwise effect can
only arise from the gating of DNA channels.

To quantitatively explain our experimental observations, we
established a simple theoretical model based on stochastic
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dynamics. The gating of DNA channels is described as a diffusion-
limited process®®. Two major factors are considered in the model:
a stress F(t) arising from permeating thionine molecules acting
on the inner surface of a channel, and an energy landscape
describing nanomechanical deformation potential during the
channel gating. According to our estimation, the timescale of
channel gating is much larger than that of the transport of
thionine (see Supplementary Information, Note S1). The
screened long-range electrostatic interaction between dsDNA
molecules!”!® entails high flexibility!* of the DNA channels,
so the energy landscape of the DNA channels can be described
in terms of the channel’s radius (R) as an upward parabola,
as shown in Fig. 2a (see Methods and Supplementary
Information, Note S2). Using this knowledge, we find the
equation governing the channel’s motion (see Supplementary
Information, Note S3) to be

Hx(t))
ot

= —BD(2madx(t)) — F(t)) (1)

where (x(#)) is the mean of x(f) = R(¢) — R, over thousands of
individual motion trajectories, R, is the radius of a free channel
of ground energy in equilibrium, D is the conformational
diffusion coefficient, « is the area tension on the circumference
of the channel, and B = 1/(kgT). Taking into account the single-
file nature of thionine permeation through the DNA channels
(see Supplementary Information, Note S4), our simulation with a
one-dimensional lattice model®® establishes a relationship
between F(t) and C(t) (see Fig. 2b; see also Supplementary
Information, Note S5)

() ~ Cp(t”)mif:(’l (2)

where p is the mean stress of single thionine acting on the inner
surface of the channel, n,, is the maximum of the mean residence
number of permeating thionine inside the channel, and « is the
association constant. This equation reflects the spontaneous
change of channel—particle interactions in response to
transport flux.

Because the static channel-particle interactions can be
simulated by a steep-wall potential?! (see Supplementary
Information, Note S6), there exists a critical radius R* such that,
if R(t) <R*, the channel-particle interactions provide
sufficiently large frictions to inhibit the thionine in moving along
the channel, resulting in single-channel transport flux j(¢) = 0. If
R(t) > R*, the channel—-particle interactions only generate a
small viscous friction, 7, allowing the thionine to permeate with
j(t) > 0. Given that the average spacing between opened channels
in the dsDNA membrane is relatively large (estimated to be
~69 pwm, using data shown in Table 1), the interaction between
the opened channels can be neglected. Assuming that the dsDNA
membrane and the PDC monolayer are homogeneous with
respect to their densities!*!®, all DNA channels in the same
dsDNA membrane statistically face the same conditions, meaning
that the gatings of the DNA channels behave in concert. Based on
this scenario, because j(t) is approximately a linear function
of C(t) at steady states’>?*, C(f) can be analytically solved.
With this information it is possible to resolve numerically
the motion trajectories of the DNA channels corresponding
to our real experiments (see Methods and Supplementary
Information, Note S7).

Figure 2c depicts numerically one complete cycle of thionine
pumping through a single DNA channel against the
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Figure 1 Experimental observations of ratchet-like thionine transport
through DNA nanochannels. a, Schematic of the DNA nanosystem
incorporating ADNCs. Switching of an ADNC between open (left) and closed
(right) states can be carried out by hybridization and denaturation processes'.
At the bottom of the ADNC is a PDC self-assembly monolayer. The key shows
the graphic representations of PDC and thionine. b, Schematic of single-file
transport of thionine molecules through a transiently opened DNA channel.

¢, Chemical reaction of surface-bound PDC with thionine. d, Surface
concentration of thionine molecules plotted as a function of temperature

(I'-T profiles). The profile of the open state (as control) is fitted with simple
exponential decay (solid line). The dashed lines for the closed state are
calculated according to our model. Arrows show the direction of time evolution
of measurements. Because the PDC monolayer cannot store more thionine after
the ADNC is closed at T;, the maximum value of each I"-T profile of the closed
state approximates the I value at T in the open-state curve and decreases
with increasing 7. Thus, the I"-T profiles of the closed state all show
sustained level in the grey area, and the stepwise effect can only happen in the
white area. Above the melting temperature (~48 °C) of the dsDNA segment, all
profiles of the closed-state ADNC converge to the same level as a result of
dsDNA denaturation, which may open the ADNC and deform the DNA channels.

nanomechanical deformation potential of the channel. The
simultaneous motion trajectories of (x(f)) coupled to F(t) and
C(t) are depicted in Fig. 2d and e, respectively. The hysteretic
trajectory maps the critical radius at (x(#)) = R* — R, to dual
criticality of concentrations (Fig. 2e). In other words, C,
corresponds to the opening criticality of the channel during the

increase of C(f), and C_ corresponds to the closing criticality
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Figure 2 Theoretical modelling of the gating dynamics of DNA channels. a, The energy landscape of a DNA channel is represented by a thick solid line, with

the minimum located at the abscissa of R,. The two regions corresponding to the closed and open states of the channel respectively are separated by the dashed
line at the abscissa of R*. Upper inset: Top view of the closed (left) and open (right) DNA channel marked by yellow. For illustration, it is assumed that the

dsDNAs are packed in a hexagonal lattice. Lower inset: Lateral view of closed (left) and open (right) DNA channels. The purple spheres represent thionine, blue lines
represent the steep-wall potential between thionine and the DNA channel, and the arrow shows the direction of thionine transport flux. b, Simulated mean stress of
thionine molecules exerted on the inner surface of the DNA channels as a function of thionine concentration inside the ADNCs. The black lines fit equation (2). Results
for three different lengths of DNA channels are shown, corresponding to 8r, 10r and 12r from bottom to top, respectively, where r is the radius of thionine.

¢, A complete cycle of thionine pumping coupled with single channel gating. Black and green lines show respectively the time evolution of C(f) and that of j(#).

d, The mean trajectory of (x(f)) as a function of F(f). e, The mean trajectory of (x(f)) as a function of C(f). Data shown in c—e were simultaneously obtained from the
same run of numerical computation from our model, using the parameters shown in Table 1. Through hysteresis, the critical radius determines two critical forces (F,,
F,) in d and two critical concentrations (C,, C,) in e. In all panels ¢—e, light red and light green mark the closed and open states of the channels respectively. At the
beginning of the cycle, because C(0) = C; < C,, the channels are closed during the time ¢ < f,. The increase of C({) elevates the stress of the solute particles
acting on the channel’s surface. When C({) reaches C(t,) = C, = 16.22 mM at t = t,, the channel radius reached the critical radius of R* = R, + 0.3 nm, thus
opening the channels and enabling transport flux j(f). As a result, C(f) tends to decease until { = f,, where C(t)) = C, = 0.77 mM.

of the channel during the decrease of C(t). Most importantly,

Table 1 Parameter values used in calculations. . L .
h(C, — C_) measures the net quantity of thionine permeating

Parameter Value through the channel during such a pumping cycle, where h is
Conformational diffusion coefficient of the 10" m2s! the effective height of the ADNC. To directly simulate the
channels (D) I'-T profiles, we notice that equations (1) and (2) give a
Critical radius of channel gating (R*) 1nm threshold concentration

Area tension of single channel at 0 °C («) (~0.89-1.19) x 107 8Jm~2

Length of the channels (L) ~5.5nm

Effective height of ADNCs (h) ~5nm C' =« Ypn, /2ra(R* —R))] — 1} (3)

Density of simultaneously opened DNA ~2.1 x10*cm=2

channels ()
Density of free DNA channels in equilibrium (p,)

(~0.6-1.0) x 10" ¢cm—2 which provides a general criterion for channel gating: the channels

Radius of thionine molecule (1) o 0.55 nm can be opened only if C___is larger than C*, where C___ is the
Thionine concentration when the ADNC is just 6.5 mM maximum value of C(¢) after the increase in temperature triggers
closed (Cy) o ) the release of thionine from the PDC monolayer. The criterion is
Thionine concentration in the external solution (C,) 10 uM

well verified by our numerical simulations (data not shown).

Stress of single thionine exerting on channel ~1.37 x 107N

surface (p) Figure 3 summarizes the relationships between C* and C,_,,
Maximum number of thionine inside the channel 5 during the I'-T profiling, suggesting five possible cases, as
() discussed in the following and in the legend of Fig. 3.

Associate constant of thionine inside a channel (x) 125 M~ Figure 4 shows quantitative comparisons of simulations and
Relaxation time of thionine release from PDC 2ms

experiments on a variety of typical I'-T profiles using the same

monolayer (7 parameter set shown in Table 1. It suggests that the behaviour of

j(H parameters in equation (5) (4;, A,) A=2x100Ms) T

A, = 24,

All simulations shown in Fig. 4 share the same parameter set listed herein. The parameters, based on available
physical or chemical information, are fixed in all simulations, except the C* function. The changes of C* behaviour
(Fig. 3) modulate the diverse gating behaviours (Fig. 4). However, the first-type simulations of different 7., shown
in Fig. 4a, Fig. S3 and Fig. S4, use the same C* function. Note that the C* function is changed using « and R,
according to equation (3), whereas « and R, are both the functions of dsDNA surface density (p), and are used
according to experimental setup. No free parameter appears in our modelling. For more details, see
Supplementary Information, Notes S8 and S9.

368

I'-T profiles may be classified into two major types. The first
type corresponds to C*> C_, in the temperature range of
interest (blue line of Fig. 3). As the release of thionine from the
PDC monolayer in a temperature change of 5 °C is not always
enough to increase C(#) to overwhelm C*, the channels cannot be
opened in every measurement step of the I'-T profiles,

resulting in the stepwise effect (Fig. 4a; see also Supplementary
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Information, Figs S3 and S4). The second type corresponds to
C* < C,. in the temperature range of interest (green line of
Fig. 3). In this case, the DNA channels can be opened in every
measurement step, leading to a linear decrease in the I'-T
profiles (Fig. 4b). In addition to these two discrete types, it is
possible to observe both stepwise and linear-decrease effects in
the same I'-T profiles, as they arise from the crossovers of C*
and C,, in the temperature range of interest. Figure 4c
demonstrates that a crossover of C* = C_,  taking place at
T = T" (red line of Fig. 3) results in the first type of behaviour at
T<T* and the second type of behaviour at T'> T*. Similar
results with the reverse sequence of behaviours are also observed
(see Supplementary Information, Fig. S5), corresponding to the
case of C"<C,,, at T<T"* (dashed red line in Fig. 3).
Furthermore, two crossovers of C* and C,,  (orange line in
Fig. 3) give rise to a stepwise behaviour sandwiched within the
linear-decrease behaviour in the I'-T profile (Fig. 4d). All
possible kinds of I-T profiles predicted by our model
quantitatively agree with experimental observations. This strongly
validates our analyses of DNA channel gating.

The mechanism of DNA channel gating is remarkably distinct
from the gating mechanisms of protein channels. First, unlike the
bistable nature of protein channel gating, in which both the open
and closed conformations have different local stable states>®, the
DNA channels show no bistability. A free DNA channel in
equilibrium  corresponds to the ground energy, which
represents a stable closed state (Fig. 2a). Only when the DNA
channel dilates under the stress from permeating solute
molecules to reach a critical radius is the channel permeable to
the solute. The open state of the DNA channels is far away
from equilibrium, showing a highly active trend towards
closing. Second, protein channels are formed by rigid
binding (short-range interaction) between subunits, so they are
usually gated by means of membrane voltage or membrane
tension rather than transport flux!®. Our findings suggest that
the DNA channels are gated by the channel-particle
interactions owing to their high flexibility. The calculations
presented in Figs2 and 4 demonstrate that spatiotemporal
coupling of DNA channel gating with transport flux involves
spontaneous periodic changes of the channel-particle
interaction force F(f) at non-equilibrium states, which gives
rise to asymmetric periodic oscillation of C(#), j(#) and R(?),
indicating a ratchet-like mechanism?»%* for both channel gating
and solute permeation (see Supplementary Information,
Discussion, for details).

The unique flexibility of DNA channels discovered here has
not ever been seen in known nanochannels’ formed by
molecular ~ sieves?®,  synthetic nanopores?® and carbon
nanotubes?”. Our recent work has demonstrated that the
ADNCs can be largely improved using four-stranded non-
Watson—Crick DNA structures'®. This means that flexible DNA
channels may also be formed by reconstruction of other DNA
nanoarchitectures', but not restricted to the Watson—Crick
duplex used in this work. Our modelling provides a general
framework for the in silico rational design of such DNA
channel systems, where the physical properties of DNA
channels may be programmed by means of DNA sequences
and nanostructures. The novel gating mechanism of DNA
channels also suggests unique potential applications. For
instance, the DNA channels may be constructed on the surfaces
of micro- or nanocrystal antennas, where the local temperature
can be controlled remotely by inductive coupling of a radio-
frequency magnetic field to the antenna®. This may be used to
develop remotely tunable controlled release of small molecules
through DNA channels, which has great potential in drug
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Figure 3 Behaviour of the gating threshold C* in relation to C,,,,. The solid
black line sketches the maximum concentration (C,,,,) of thionine in a closed
ADNC with all DNA channels closed. (See Supplementary Information, Note S8
for the detailed methods used to determine C* and C,,,, as functions of
temperature.) The grey area marks the regime where C* < C,,,,,. The blue line
demonstrates the case of C* > C,,,, within the temperature range of interest,
which gives rise to the first type of behaviour of the I"-T profiles. The green
line demonstrates the case of C* < C,,,, within the temperature range of
interest, which gives rise to the second type of behaviour of the I'—T profiles.
The solid red line demonstrates the case of the mixed type, which shows one
crossover at T* between C* and C,,,,, with C* > C,, at T < T*, so that the
corresponding I'-T profiles show the first type of behaviour at 7 < T*, but the
second type of behaviour at T > T*. The dashed red line demonstrates another
case of one crossover between C* and C,,,, with C* < C,,,, at T < T, which
gives the reverse sequence of first and second types of behaviour in the
corresponding I'-T profiles. The orange line demonstrates the case of the
mixed type with two crossovers, at 7" and T, (7; < T;), so that the
corresponding I"—T profiles show the first type of behaviour in the range
T < T< T, and the second type in the range 7T << T;" and T > T;.

delivery and nanomedicine. Furthermore, the DNA channels
may be readily integrated into micro- and nanofluidics systems,
serving as nanoscale, controlled-release subunits for enabling
novel applications.

METHODS

SYSTEM PREPARATION

Preparation of the experimental setup involved two steps. First, we prepared
ADNC:s on gold substrates as described elsewhere!'®. The ADNCs were then
further assembled with PDC by washing with 30% urea to denature the
dsDNA and rinsing with double distilled water and N,N-dimethylformamide
(DMF) several times, and then exposure to 0.2% PDC solution (10%
pyridine/DMF) for 24 h at room temperature. The typical DNA sequences
used were (1) 5'-(A),,-CTGAGGAGGGGCCAGA-3' and (2) 5'-(A),,-
GGAGGTGAGTCGCTAGC-3'. The complementary strands containing a
wobble base were 5'-TCTGGCCXCTCCTCAG-3', where X = C for the
perfectly complementary strands, and X = A, G or T for the single-base
mismatched strands.

I'-T PROFILES

To allow the PDC monolayer to bind with thionine to saturation, the device at
the open state was exposed to 20 wM thionine in Tris—HCl buffer (pH 8) for 1 h
in order to accumulate thionine at room temperature. To turn on the ADNC, the

369

©2007 Nature Publishing Group



LETTERS

a] Time (ms) b Time (ms)
0 50 100 150 200 250 0 100 200 300 400 500
Il Il Il Il Il Il L L L L L L
< e = 100
£ 101 z |
_ 0 _ 04
s 14 o 214
¥ L b E
x 0 x 0
| The first type of behaviour 0.6 go 4 The second type of behaviour 0.4
90 E o4 5 5
= 1 8. =02
& -, = 02 & 80 \§‘\ ::_;
) ) ~
E 80 4 }775777@7‘ 0.0 E é‘\\é\ 0.0 /
g ‘58, 5 10 15 gn N 0 5 10 15
2 701 & C(t) (mM) = *;\\Q C(t) (mM)
i 4 N
ge 60 g
6010 Experiment o Experiment \5\\\.
7 | ® Simulation 5 50 | & Simulation
50 T T T T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50
Temperature (°C) Temperature (°C)
n Time (ms) ﬂ Time (ms)
0 50 100 150 200 250 300 350 400 0 100 200 300 400 500
L L L L L L L Il L L L L Il
= 1o = . e
= S 404
E wi Jf\—/_/_[\_f\_,m E 10 ]
~ 03 0
T 4(t) T 9 148
S 27 25 7] ,\
% 0] % ol NN
1 0.8 06
70 .
i o8l R £
0.4 0l *
T 70 @**—gﬁ So2 i 3 %02 W/
g Q-3 00 g & 0.0
= ‘ S 50 8.
E 60 ! 0 5 10 15 20 E 7] 5.5 0 5 10 15
2 §*~\§ C(t) (mM) < L goog, ClOmM)
50 Ta. | ‘e
1 | o Experiment ¥ \g\\ . | | o Experiment \§\\.
40 -| | ® Simulation N 30 | & simulation Q-
T T T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50

Temperature (°C)

Temperature (°C)

Figure 4 Modulation of gating behaviours of DNA channels. a, The first type of behaviour of the I"-T profile is reproduced from simulation to show a stepwise
decrease for C* > C,,,. b, The second type of behaviour of the I'-T profile is reproduced from simulation to show a linear decrease for C* < C,,,. ¢, The mixed
behaviour in the case of one crossover between the curves of C* and C,,, at T= T* (~25 °C) is reproduced from simulation to be a stepwise decrease in the range
T< T and a linear decrease in the range 7> T*. d, The mixed behaviour in the case of two crossovers between the curves of C* and C,, at T= T; (~13 °C) and
T=T; (~33 °C) is reproduced from simulation to show a stepwise decrease in the range 7" < T < T and a linear decrease in the ranges 7 << T, and 7> T;.
All experiments shown here are obtained with T, = 0 °C (results for other values of T, are shown in the Supplementary Information, Figs S3 and S4). In each figure,
the upper and middle, and bottom panels show, respectively, the computed temporal evolutions of C(f) and j(#), and the comparison between the simulated I"'-T
profile (filled diamonds) and the experimentally measured I'—T profile (open circles). The insets show the mean trajectory of the channel’s reaction coordinate, with

the first cycle marked by arrows; light red and light green mark the closed and open states of the channels, respectively. Data shown in the same figure are all
obtained simultaneously from the same run of the simulations. The parameters used are shown in Table 1. Note that the experimental observations in b—d were
achieved by slightly decreasing dsDNA density or ionic strength relative to the experimental setup of a, which presents smaller C* according to equation (3)

(see Supplementary Information, Note S9).

device in the open state was incubated in a hybridization buffer containing 5 pM
complementary DNA strands (Tris—HCI buffer, pH 7.8, 100 mM NaCl, 1 mM
MgCl, and 10 uM thionine), with the ambient temperature annealed from 60 °C
to T, within 10 min, and then sustained at T, for ~12 h. The ambient
temperature was controlled by a thermostat.

After the device switched on at T, the I"values were repeatedly measured by
cyclic voltammetry (CV) as the temperature increased from 0 to 60 °C at a rate of
~2-5 °C every 30 min. Specifically, after each measurement the temperature was
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increased ~2-5 °C within 1 min, and maintained at the same temperature for
30 min to facilitate a sufficient system equilibration before the next
measurement. The thionine outside the ADNCs was washed away before each
CV measurement. The electrochemical analysis was conducted in a three-
electrode system using a model 660 A electrochemical workstation (CH
Instruments), with an Ag/AgCl reference electrode, a platinum counter electrode
and an ADNC-modified gold surface as the working electrode. The surface area
of the ADNC-modified working electrode examined was 0.03 cm?. The
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electrolyte used in the three-electrode system was 20 mM Tris—HCI (pH 8)
containing 1 mM MgCl,. In the CV, the potential versus Ag/AgCl was

swept from —0.4-0 V with a scan rate 0.1 V s~ . The surface concentrations of
thionine on the electrode surface were calculated as described elsewhere!“.

The system was immediately returned to the operation solution (Tris—HCI
buffer, pH 7.8, 100 mM NaCl, 1 mM MgCl, and 10 pM thionine) to recover
its equilibrium after each measurement.

Control experiments were carried out (1) using single mismatched strands,
instead of perfect complements, to switch on the ADNC, (2) with the open-state
ADNC s in which all DNA were single strands, (3) on a device with very low
density (<10'! molecules per cm?) DNA array, and (4) on a pure PDC
monolayer in the absence of ADNC. The first case yielded a low hybridization
efficiency of less than 50%, leading to a substantially incomplete dsDNA
membrane. The other three cases correspond to the situation where no DNA
channel is formed because of the absence of the dsDNA membrane.

ENERGY LANDSCAPE OF DNA CHANNELS
The deformation potential of a single DNA channel can be written explicitly in
terms of the channel’s radius (R) as

G(R) = amR* — f2mR + G, (4)

where o and f represent, respectively, the area tension and the line tension on the
circumference of the channel that do not explicitly depend on R, and G, is a
radial-independent contribution to the deformation energy. A free channel at
the equilibrium state corresponds to the ground energy of G, — mf?/a with
R, = f/a. (For more details, see Supplementary Information, Note S2.)

THEORETICAL MODELLING

The brownian motion of a thionine molecule along the channel is described by
Langevin dynamics under a potential U(y) in the overdamped limit*>-*. Solving
the corresponding Fokker—Plank equation, the resulting local instantaneous flux
of thionine molecules through a single channel is

](t) = Alc(t) -4A4,G (5)

where A; = %e"(}")/s[ﬁ'z eU0/&dy]™" i =1,2,C, is the thionine concentration
in external solution and & = kg T/m. The detailed calculation of equation (5) is
extensively given in ref. 22. As shown in Fig. 2¢, at t = f,, the channels are opened
with thionine transport flux established. In the interval t, < t < t, the change of
C(t) due to the steady-state flux is dC(t) = — j(f)N(1)V~! dt, where N(¢) is the
total number of the open channels that do not explicitly depend on C(t), and V'is
the effective volume of the reservoir in the ADNCs. However, the PDC
monolayer releases thionine with increasing temperature, thus affecting C(t) by
dC(t) = C,,7~" e7*/7dt, as observed experimentally (see Supplementary
Information, Fig. S2), where C,, and 7 are parameters of the amplitude and the
relaxation time, respectively. One obtains the differential equation describing
C(t) by the addition of the contribution of the steady-state flux and that of the
thionine source

%C(t) =cC,m e —j(tNEH)V". (6)

Inserting equation (5) into equation (6), and considering the initial condition
C(t) = C,, one may find the exact solution of C(¢) in the interval ¢, <t < t_

1c, _s, AC .
C(t) =10 J {—"’e” T 22N T dr + ¢, ?)
Wl T 14
where T(t) = (A,;/V) [ N(¢') df'. The flux j(t) can be immediately obtained by
inserting equation (7) into (5). (For more details and simulation methods for
I'-T profiles, please see Supplementary Information, Notes S7-S9.)
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Step 1: Step 2: Step 3:
THs are stored in the PDC SAM  ADNC is closed at Tc temperature is increased

Step &: Step 4:
DNA che:nnels are opened

Supplementary Figure S1. Schematic drawing of experimental assay to drive the
transient opening of DNA channels. In the 1st step, the thionine molecules are stored in
the PDC monolayer with ADNC opened. In the 2nd step, the ADNC is closed at T., which
gives rise to the maximum number of thionine confined inside the ADNC. In the 3rd step,
the temperature is increased, which results in the thionine release from PDC monolayer.
In the 4th step, the DNA channels are opened if elevated C(t) could overwhelm C’,
resulting in the thionine loss of h(C, — C;) from the ADNC. In the 5th step, the DNA
channels are closed when C(f) decreased to C.. The 3rd, 4th, and 5th steps are cycled by
further increasing temperature. One complete cycle formed by the contiguous 3rd, 4th,
and 5th steps corresponds to a measurement of I data of a temperature during the I-T
profiling. Therefore, the -T profiles do not trace the detailed trajectories of j(f) or C(t), but
instead, measure the resulting h(C, — C.). Whereas direct measurement of single-channel
flux on dsDNA membrane seems impossible by patch-clamping technique used in
single-channel recording of protein channels in lipid-bilayer membrane, our assay avoids
the technical difficulties of single-channel tracking but can still capture the unique gating
behaviors of DNA channels.
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Supplementary Figure S2. Kinetics of thionine release from PDC monolayer. The jump
of temperature can trigger the PDC monolayer to release (or absorb) the thionine to (from)
the nearby solution. Its behaviors can be simply described as C(t) = Ciy(1 — exp(-t/7)) + C;
in our modeling, which may provide a good approximation to the real experiments. The

corresponding differential form is dC(t) = Cmr'1exp(—t/r)dt, which is also used in the
theoretical analysis of this work.
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Supplementary Figure S3. Simulation of I'-T profile of T. = 10 °C, with compared to
experiment. Below T, = 10°C the I'-T profile should be sustained at a constant level, as
observed experimentally, because after the ADNC is closed at T. = 10°C the PDC
monolayer cannot store more thionine molecules and the maximum thionine quantity
stored in the PDC monolayer is controlled by the I'-T profile of the open state ADNC (Fig.
1d in the main paper, control, black line). The upper panel shows the calculated time
evolution of C(t) corresponding to the simulation of I'-T profile; the middle panel shows the
corresponding ratchet-like pumping of calculated j(t); the bottom panel shows the
comparison between simulated -T profile (filled square) and experimentally measured
I-T profile (empty circle); and the inset shows the simultaneous mean trajectory of
channel’s reaction coordinate obtained during the simulation of corresponding I-T profile,
with the first cycle marked by arrows. C’ function used is shown in Figure S13. Other
parameters used are shown in Table 1 of the main paper.
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Supplementary Figure S4. Simulation of I'-T profile of T. = 20 °C, with compared to
experiment. Below T, = 20°C the I-T profile should be sustained at a constant level, as
observed experimentally, because after the ADNC is closed at T. = 20°C the PDC
monolayer cannot store more thionine molecules and the maximum thionine quantity
stored in the PDC monolayer is controlled by the I'-T profile of the open state ADNC (Fig.
1d in the main paper, control, black line). The upper panel shows the calculated time
evolution of C(t) corresponding to the simulation of I'-T profile; the middle panel shows the
corresponding ratchet-like pumping of calculated j(t); the bottom panel shows the
comparison between simulated -T profile (filled square) and experimentally measured
I-T profile (empty circle); and the inset shows the simultaneous mean trajectory of
channel’s reaction coordinate obtained during the simulation of corresponding I-T profile,
with the first cycle marked by arrows. C’ function used is shown in Figure S13. Other
parameters used are shown in Table 1 of the main paper.
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Supplementary Figure S5. The mixed behavior of one crossover at T= T (= 25 °C),
giving C' < Cpaxat T< T (as demonstrated by red dashed line in Fig. 3 of the main paper).
The upper panel shows the calculated time evolution of C(f) corresponding to the
simulation of I-T profile; the middle panel shows the corresponding ratchet-like pumping
of calculated j(t); the bottom panel shows the comparison between simulated I-T profile
(filled square) and experimentally measured -T profile (empty circle); and the inset
shows the simultaneous mean trajectory of channel’s reaction coordinate obtained during
the simulation of corresponding I-T profile, with the first cycle marked by arrows.
C’ function used is shown in Figure S$13. Other parameters used are shown in Table 1 of
the main paper.
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Supplementary Note

Note S1. Three key time scales

Our analysis for the stochastic motion of both DNA channels and solute particles (thionine)
involves three key time scales, which are necessary to take all possible factors into a unified
physical picture. They are (i) gating times of DNA channels (z,), (i) transport times of solute
particles through DNA channels (z;), and (iii) collision times of either inter-particle or
channel-particle (z.). A simple analysis shows 7,>> 7, > . as described as follows. thionine’s
diffusion coefficient is D, ~ 10® m%s, and channel length is L ~ 5 nm, giving 7, ~ L°/D, ~ 2.5 ns.
Conformational diffusion coefficient of single DNA channels is D ~ 10 m?/s, and channel radius
variation during gating is 4R ~ 0.5 nm, giving gating times z, ~ AR’ID ~ 2.5 us>> 7, Typical
channel-particle and interparticle spacing is A ~ 5 A, and ambient thermal velocities is vy ~ 4 x 10
cm/s, giving collision times 7.~ Alvp=1ps< 7.

The dilation or shrinkage of DNA channels is much slower than the thionine transport across the
channel (z;>> 7,), which means that relaxation time of transport current excitation (or quenching)
during the opening (or closing) of the channels can be neglected on the time scale of z,. On the
other hand, one complete transport process of single particle involves many times of collision
events (7 > z.), indicating that a quasi-constant mean stress, p, of single particle acts on the inner
surface of the channel, which is averaged out within observation times between 7, and z,. These
time scales establish microscopic thermodynamic conditions for the channel-particle interaction
system studied herein.

Note S2. Energy landscape of DNA channels

S2.1 The flexibility of DNA channels

The flexibility of the DNA channels formed by dsDNA membranes is different from protein
channels embedded in lipid bilayer membranes*=. Protein channels are formed by tight binding
(short-range interaction) between subunits, which do not allow a remarkable stochastic motion
between subunits. The protein channel usually allows no more than 1 A stochastic displacement
around its equilibrium position®. However, a DNA channel is formed from the neighboring dsDNA
molecules whose interactions are the screened electrostatic interaction (long-range interaction)
that is weak enough to allow them to move stochastically relative to each other, usually ~1 nm
stochastic displacement®2. The flexibility may be considered the origin of the nonequilibrium
gating of the DNA channels.

The mechanical sensitivity of a nanochannel may arise from two aspects. One comes from the
applied forces outside the channel. For example, in the case of membrane protein channels, the
force gating the channel is usually originated from the geometrical deformation of the membrane
because of the flexibility of the lipid bilayer membrane, which constitutes an important
mechanism of mechanical gating of protein channel*%. The other comes from the applied force
inside the channel, which can be originated from the solute particles transporting though the
channel. In the past studies, this effect is usually ignored because it is likely not important for
protein channels. However, the DNA channels formed by dsDNA membranes on solid surface are
hard to receive spontaneous tension from the dsSDNA membrane deformation outside the channel
that is able to gate the channel because the dsSDNA membrane’s shape is fixed by the solid
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substrate on which it attached. Thus, the second aspect dominates the gating mechanism of DNA
channels. This difference makes the DNA channel’s gating can not be described by the gating
mechanisms of the mechanosensitive protein channels.

Supplementary Figure S6. Schematic
drawing of DNA channels deformation. (a)
Top view of a DNA channel that is dilated.
Each green circle represents a dsDNA
molecule. (b) Side view of the DNA
channel and its membrane. The decline
mismatch U is the difference between the
channel thickness and the equilibrium
DNA membrane thickness. We assume
the surface of DNA membrane is normal to
the orientation of DNA channel.

S2.2 Free energy for DNA channel deformation

The DNA channels formed in two-dimensional columnar assembly of dSDNA molecules, typically
shown in Fig. S6a, have a complex conformational landscape, which depends on a large number
of microscopic degrees of freedom that are analytically intractable. Although one could solve a
precise conformational landscape by classical molecular dynamics, this does not help to answer
the problem of this study. We need to find a minimal model that captures the main characteristics
of the DNA channels, based on which we can show numerical coupling of channel gating with
transport flux pumping. We consider that the Gibbs free energy of one DNA channel comprises
three coarse-grained contributions: (1) the elastic energy between the dsDNA molecules that form

the channel, which can be written as iB(R—RO)Z, where R is the radius of the DNA channel, R,
2

is the channel radius at original closed (equilibrium) state, and B is the elastic modulus; (2) the
potential caused by line tension along the edge of the channel, /Z, where f”is line tension, and L is
the circumference of the channel; (3) the potential caused by area tension across the in-plane area
of the channel, 4, where yis the area tension, and 4 is the in-plane area. Therefore, the Gibbs free
energy describing the deformation of the DNA channel is

G=%B(R—Ro)2+fl+yA+G(; (S1)

where G is the absolute free energy when we remove all the three contributions.
The elastic modulus in the first item of equation (S1) has two contributions. One comes from
the intermolecular interaction. The other comes from the ssDNA spcers, which act like a
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pendulum in solution. Both of the contributions approximate the Hooke’s law at second order. The

former part can be asymptotically calculated from Kornyshev-Leikin theory®® for DNA

interactions using B; = bw' where b is a structure factor that can be determined from
OR

the geometry of the channel. For a channel formed by three duplexes with hexagonal packing

order, b =\/§/ 2. The dsDNA membrane is in an electric field £ originating from the repulsion of

dsDNA membrane surface against the gold surface. This part can be estimated by B, :Jz"TE ,

where o is the mean charge of each dsDNA molecule, and % is the height of the reservoir in the
ADNC, i.e., the contour length of ssDNA skeleton.

The line tension in the second item of equation (S1) is positive when the DNA channel is
dilated. It also consists of two dominant contributions, thickness deformation and spontaneous
curvature. The thickness deformation is induced by the conformational incline relative to the
normal direction of the membrane surface. The thickness deformation energy is G = fi, -2nR =
(1/2) KU? - =R, where K is an effective elastic modulus and is independent of DNA length, and U
is half the conformational incline as defined in Fig. S3b (ref. 10). The area of the part of the DNA
membrane that is deformed by channel dilation is roughly equal to the circumference of the
channel times an elastic decay length. The free energy induced by spontaneous curvature comes
from the locally increasing the curvature stress generated by DNA columnar packing along its
self-assembly plane. The radial dependence of this free energy is linear, because the effect is
localized around the channel. Because the two sides of the dSDNA membrane in the real cases are
asymmetric, with one side linked to solid surface, the spontaneous curvature of the top and bottom
leaflets C. can be very different. It can work in terms of the composite spontaneous curvature of
membrane near the channel, C = (1/2) (C. — C_). The contribution of the deformation energy
induced by spontaneous curvature is given by G, = fc-:2nR = KgCH"2nR, where H’ is the
mid-plane slope and Kg is the bending modulus, which roughly scales as the third power of the
membrane thickness™.

The area tension in the third item of equation (S1) arises from the repulsive tendency of the
DNA molecules surrounding the channel. When the channel is dilated, it causes the compression
of the two-dimensional packing of the surrounding DNA molecules. This effect makes the area
tension positive as the form written in equation (S1).

After the rearrangement of these items, the Gibbs free energy of DNA channel deformation can
be written explicitly in terms of the channel radius as

G(R)=a-7R* - f-27R+G, (S2)

where a = Bl2n + y, = BRi/(2n) — f, and Go = G|+ BR; . A free channel corresponds to the

minimum energy of G(Ro) = Go — i/ %o with Ry = flo.. Similar representation recently has been
used to analyze the gating of protein channels:®. However, the area tensions and line tensions in
our case and in the case of protein channels have different sign. Although this model is
coarse-graining and approximate the real case, in which we ignore many degrees of freedom that
are less important, it can help with a theory working analytically or numerically.

10
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Note S3. Conformational stochastic dynamics of DNA channels

In previous Section, we have established a coarse-graining model that can represent the energy of
channel’s deformation as a function of channel’s radius. This representation simplifies the
dynamic analysis of channel gating under external perturbation. Mechanosensitive protein
channels usually adopt bistable conformational deformation energy*>=2. Although its open state is
triggered by external mechanical perturbation, the open state is usually not considered sensitive to
the pressure exerted by transporter particles because the gating may be understood as a
conformational diffusion from one local minimum to another local minimum. DNA channels in
our model system have different characteristics, whose gating is merely sensitive to mechanical
interactions between channels and permeating particles. These interactions could contribute more
non-equilibrium effects on the channel gating. The conformational stochastic dynamics between
the open and closed states of a DNA channel can be described in terms of a one-dimensional
reaction coordinate dynamics x(f) = R — Ry in the conformational potential G(R). Consider that the
collision of thionine molecules with the inner surface of the channel generates stress, F(¢), on the
inner surface of the channel along the coordinate R(¢), which is defined as the mean force
averaged out within observation times much larger than mean transport times (z). The
corresponding Fokker-Plank equation (FPE) for the probability density function (PDF) describing
the channel dynamics under the external force F(¢) readst2%

op(x,1) oo 0
=D—| —+—[G(x+R)+F(t 1) (S3)
= ax(ax ﬂax[ (x+Ry) ()x])p(x )
where p(x,?) is probability density of the reaction coordinate at (x, x + dx), D is the conformational
diffusion coefficient. Inserting Smoluchowski approximation®®

p(x,t) =+Jaf exp[—ﬂaﬂ(x—<x(t)>)z] into equation (S3), one can easily derive equation (1) of
the main paper. The exact solution of the equation with initial condition of (x(0)) = 0 is (x(z))
:ﬂDe—ZﬁaﬂDt j(: e—Z/raﬂDt’F(tr)dtr'

Unlike the bistability nature of protein ion-channel gating'>22, the DNA channels in this study
show no bistability. A free channel corresponds to the closed states, which represents a stable state.
Only when the channel dilates under the stress from the solute particles inside the channel to reach
a critical radius, the channel is permeable to the particles studied. The so-called open state of the
DNA channel does not correspond to any local minimum in the free energy landscape. It is in an
unstable state far away from the minimum of the energy landscape, thus, far away from
equilibrium. We may conclude that the flexible channel like this case is only gated in
non-equilibrium states. These special features make the transport flux through the channel to
behave like “ratchet” pumping. Our calculations shown in Fig. 2c-e of the main paper actually
describe in detail one cycle of such “ratchet” pumping process.

Note S4. Single-file nature of the transport through DNA channels

S4.1 Channel parameters

The channel parameters include channel radius, channel length, and geometrical shape. The
channel radius can be determined from the DNA density in the dsSDNA membrane. In previous
studies, the DNA density on gold surface are in the range (6~12) x 10* molecules-cm™ (refs.
14,15). Atomic force microscopy studies have shown that dsDNA molecules in dense dsDNA

11
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membrane with complete coverage orient perpendicular to gold surface™™L’. Thus it is conceivable

that the dsDNAs are juxtaposed in parallel. If the duplexes are in ideal parallel, the length of a
channel approximates the length of dsDNA molecules. In this study, the dsDNA is 15 bp,
equivalent to about 5 nm. The geometry of the channel is related to the way that dsDNA packing.
Assume that dsDNA can pack into regular manner in local area, as supported by experiments>L,
In hexagonal lattice, a channel is formed by three nearest neighboring dsDNA helices. The
distance between nearest neighboring molecules is dependent of the ionic strength of the buffer
solution, which can screen the long-range electrostatic interaction between the dsDNAs®2. Both
theory and experiments show the distance to be a = 2.5~3.5 nm. The channel diameter is 2(a/3—
1), giving 0.9~2 nm. In square lattice, a channel is formed by four dsDNA helices. The channel
diameter is (v2 a — 2), giving 1.5~2.9 nm. Because the diameter of thionine is about 0.8 nm and
its electrostatic repulsion distance with dsDNA is around 0.5 nm, a channel diameter less than 2 x
0.8 + 3 x 0.5 = 3.1 nm will give a precise single-file pore. The single-file behavior is still accurate
even for channel diameters ~(2—3) x particle diameters since overtaking requires a restricted
subset of geometries and will be statistically rareX’. Thus, a channel diameter less than 4 x 0.8 + 5
x 0.5 = 5.7 nm should give a good approximate single-file pore. In the defects, a channel is still
likely formed by five or more dsDNA helices. However, if there are pores among dsDNA
membrane large enough to allow thionine permeation anytime, they should play no role in channel
gating, and do not contribute to the stepwise effect of the 7-7 profiles. Moreover, in our previous
work, we have evaluated the defects that allow thionine to permeate through the dsDNA
membrane at the closed state of the ADNC2, showing that their effect as a whole is on the level
of noise if the dSDNA membrane is well self-assembled. Experimentally, its contribution in /=T
profile is always like the off state curve. Theoretically, since thionine transport through it in any
condition, this case gives trivial behavior of transport and also no corresponding channel gating
problem. Thus it is not interested in this study.

S4.2 Single-file diffusion

Although we have discussed in the previous section the experimental indication of the single-file
transport especially concerning the channel parameters, we would like extend the discussion to
solute particles. The single-file nature of particle transport through the DNA channels originates
from the limited space inside channel with respect to the particle size. The diameter of cross
section inside the DNA channel is about 0.5 ~ 1.5 nm. In our experiments the thionine molecules
are ~1.1 nm in size (Fig. S7). Thus, the particles can merely transport through the opened DNA
channel in a single-file fashion.

0.14
N ~
H\ o 01 H
S -~
N 0.133 N
ot + L
H H

Supplementary Figure S7. The physical size of thionine. The numbers label the covalent
bond length with unit of nm. The size is estimated as: /3 x (0.133 + 3 x 0.14 + 0.1) ~ 1.13

nm.

12

© 2007 Nature Publishing Group



Gating of DNA Channels: Supplementary Information

Single-file transport refers to the one-dimensional motion of interacting particles in channels
which are so narrow that the mutual passage of particles is excluded®=2. Thus the motion of
individual particles requires the collective motion of many other particles in the same direction.
This restriction leads to an anomalous behavior of the self-diffusion for overdamped systems in
the longtime limit2=2. In other words, the mean-square displacement  (()) of a tracer particle

for ¢ much larger than the direct interaction time 7 (i.e., the time that a particle needs to move a

significant fraction of the mean particle distance) is given by |im<y2(t)> —2FJt , where F is the

single-file diffusion mobility. In the short-time regime (¢ < zor ¢ ~ 7), the single-file diffusion was
observed obeying normal behavior, i.e., (°()) = 2Dot, Where D, is the one-dimensional
self-diffusion coefficient®.

S4.3 Steady-state flux
In this study, the DNA channels are so short that the diffusion time across the channel is
comparable to z. The anomalous diffusion behavior can be safely ruled out from this study. As a
result, the mean field approximation used in describing the Langevin dynamics of particles
transporting the channel is appropriate as supported by related studies®®%. The potential U(y) of
mean field includes both the exclusion interactions between particles and the potential applied on
the particles along the channel because of either electrostatic fields or molecular polar interactions
between particles and channels.

Brownian motion of solute particles along a narrow channel is in the overdamped limit of

one-dimensional Langevin dynamics, described by the equation yy = — U'(y) + &(¢), where U(y) is

the potential of mean field that guides the transport of particle through the channel, &) is a
Gaussian white noise with (&) = 0 and (&) £0)) = 2Dpy25(t). Here, &) is the Dirac-delta
function; D, is the effective diffusion coefficient of a solute particle inside the channel, which is
related to y through Einstein relation D, = kgT/y according to the fluctuation-dissipation theorem.
The corresponding Fokker-Plank equation of the dynamics reads

azp(y’ Z‘) = _axj(yvt)r

, 1 (S4)
1) = —;[Eﬁxp(y, N=-U'(»)po]l
where p(y,f)dy is the probability of finding a solute particle in (y, y + dy) along the channel, j(3,?)
is the local, instantaneous flux of particles through the channel, yis the friction coefficient, and &=
kzTIm, and m is the particle mass. In the steady state, the flux is constant throughout the channel
OpW,t) == 0,j(r,t) = 0), we have

J() = 4C(1) - 4,C,

4 =2e00 Uy eUU')’fde =12

}/ N

where C(f) is the concentration of solute particles in the internal reservoirs of the DNA
nanocompartment, C, is the concentration in the external bath that maintains constant. The
detailed mathematical approaches to equations (S4) and (S5), as well as their physical
reasonability, were clearly described in ref. (26).

(S5)
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Note S5. Simulation on mean residence number of thionine inside a
channel

S5.1 One-dimensional lattice exclusion model

Before we can couple the channel gating with single-file transportation, the microscopic dual
criticality should be related to macroscopic quantity. This problem is equivalent to that how the
different concentration gradients provide microscopic external force on the channel. The first step
towards the solution is to clarify how many particles inside the channel at a time at given
concentration gradient. Due to the single-file nature of thionine transport across the DNA channels,
we use a one-dimensional exclusion model to describe the single-file particle (thionine) flows22,
Consider the nanochannel shown in Fig. S8, with solute particles driven from left (inner) to right
(external) by osmotic pressure or by hydrostatic pressure. A single-file channel is divided into M
sections labeled i, each of length / > diameters of solute particles. The site of particle in the left
reservoir is labeled i = 0, and that in the right reservoir is labeled i = M + 1. The occupation of
particles at site 7 is defined by 7 € {0, 1}. The probability in time d¢ that a particle enters the
channel from the left reservoir is Pydt if site i = 1 is unoccupied. Similarly, the probability that a
particle enter left reservoir from the channel in time dt is Pyodt. The entrance and exit probabilities
for a particle in the right reservoir in time dr are similarly defined as Py +1dt and Py pdt. In the
channel interior, solute particles move from site i to i £ 1 with probability per unit time P;;.; only
if the adjacent site is unoccupied, z;z; = 0. Under the approximation of a uniform and isotropic

channel, P;;+; may be simplified to P..
Inner ~_ __—~._ - External

Supplementary Figure S8. Schematic drawing of osmosis and pressure driven flow
through DNA channels separating inner reservoir of the ADNC and external infinite
reservoir. The coefficients Py, P10, Pums+1, and Ppy.qy are particle entrance and exit
probabilities at channel ends. The coefficients P;;.1 and P ; are hopping probabilities of
particle along the one-dimensional channel. The bottom part of this figure depicts energy
barriers for solute particles.

In Note S1, we have described microscopic thermodynamics in the channel-particle
interaction system involves three time scales. For the simulation performed here, additional two
time scales should be taken into account: the mean times that the absolute residence number of
solute particles filled in the channel changes its value one time, defined as z,, and the times over
which we average the accurately simulated residence number of particles in the channel interior,
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defined as 7. Considering that local thermodynamic equilibrium (LTE) is satisfied in the system,
the relation among the time scales is 7, >7,>> 7, > 7, > 7.
Based on LTE condition, the Kinetic rates, P, can be estimated from Arrhenius forms
P~ V_Te—EC/kBT
<

1 -
PR, = ZC(Z)VTm’Ze Fo/kaT

1 —
P = Z CzVTﬂl’ze Eypau 1 kgT )

v
Vr EglkT
Fy~—-e

[
Vr - 1 kyT
~ _T MM+ Kp
Pyya® ; e

where vy = «/"BTT is the thermal velocity, / is the length of a channel section, r is the channel

radius, C(¢) is the particle concentration at the inner reservoir of the ADNC, C; is the particle
concentration at external solution, E., Eo1, E1o, Eyv+1.1, a0d Ej 041 are activation energies for solute
particle to realize the corresponding position variation. Since a highly flexible DNA channel can
change its conformation in response to the change of the mean residence number (7 ) of particles
in the channel interior, all the Kinetic rates and corresponding activation energies are the functions
of n.

S5.2 Simulation method
To simulate and calculate the statistical quantity of n as a function of concentration gradient
(C(?) — C,) applied on both sides of the channel, the first step is to count the number of microstates
of the system and determine the transition probabilities between two adjacent states by the use of
equation (S6). The microstates are represented as {z()} (z(¢) € {0,1}, i € [1, M]), where 7(¢) is
previously defined as the number of solute particle occupying the ith section of the channel. The
instantaneous number flux between section i and i+1 is

J(0) = PianaOIL = 5] — Parmn@l - z()] (S7)
Note that ji(f) € {0, £1}. The following expression is used to measure 7 in computer simulation
program

ﬁ:%z:”n(z), (S8)

where ¢ is dimensionless time, ¢, is the time when the measurement begins, n(¢) is the particle
number occupying in the channel interior at time ¢, and 7 is the total time interval over which the
measurement maintains.

The probabilities P; should change with the change of channel diameter when the channel is
dilated by the particles filling in the channel. The change behavior can be understood according to

OF, _ viB e, O (6_] (S9)
on / or \on

Since c Y

0
<0and—i>0,

— > 0. The probabilities used in our simulations are
or on on
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accordingly shown in Fig. S9. As a good approximation, the probability Py yu1dt and Py adt are
fixed on order of 107, and independent of 7 . Set  as the dimensionless simulation time. At 7 = 0,
the temperature and concentrations are fixed at given values: 7= 300 K, C(0) = 10 mM, C, = 0.01
mM, and 7 (i€[1,M]) is set zero. Let solute particles to move randomly from one site to its
adjacent site, weighted by corresponding transition probability, if the adjacent site is not occupied.
We set 7. = 1, then the time scale of » variation, z,, would be on the order of magnitude of 10% ~
10%. Thus, the system will definitely achieve the equilibrium state and a stable distribution of
particles after ¢ =108, After that, we measure the mean residence number in a time interval of 7
=10°, and collect the simulated data. If a large amount of simulated data is obtained under the
same condition, we find that the data obey a Gaussian distribution without obvious deviation.

9.0

8.0 -

7.0 A

6.0

5.0 A

4.0 A

3.0 A

Probability (10°®)

2.0

1.0

4 0 1 2 3 a4 5 8
Mean Residence Number

Supplementary Figure S9. The probabilities of entrance, exit, and hopping of particles as
a function of the mean residence number, which are typically used in the simulation of
Figs. S10 and S11.

S5.3 Results

The mean residence number 7 as a function of the concentration gradient is simulated, with
temperature fixed at 300K. In the simulations, the concentration of solute particle in external
solution is fixed at C, = 0.01 mM, whereas the concentration in ADNC (C(#)) varies from 0 to 20
mM. Figure S10 shows the typical simulation results for the cases of M = 4, 5, 6. The mean
residence number under different concentration gradient can fit well to Langmuir isotherms. In Fig.
S11, we further change the kinetic rates to test their effect on the simulations. It shows that the
association constant in Langmuir isotherm does not change seriously in most cases. We observe
that fluctuation in simulated data decrease seriously with increasing the entrance, exit, and
hopping probabilities. In Figs. S11c, d, e, the simulated data fit fairly well to equation (S10) as
shown below. The simulated Langmuir isotherms are well reasonable and theoretically expected.
Actually, if LTE condition is well satisfied in a single-file channel system, the mean residence
number should obey a single-site occupation mode, which mathematically is the same as
single-site binding mode, i.e., first-order Langmuir isotherm. Using equilibrium statistical
mechanics based on partition function weighted by binding energies of each site, one can exactly
work out a first-order Langmuir isotherm relation between 7 and the concentration gradient C =
C(t) — C, = C(r), which is written as
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C+x™

z:( ¢ jn (510)

where « is the association constant and #,, is the maximum mean residence number. And
2 1/2
Ko (_”’"] e, (S11)
s

where g = 1/kgT, m is the particle mass, and &. is effective site occupation energy for a particle.

Our simulations imply an interesting conclusion: if measurement on 7 does not distinguish
the difference between individual particles, the n averaging over a time interval that is wide
enough on the steady-state flux of a one-dimensional nonequilibrium transport is equivalent to
static occupation of equilibrium particles along the channel. One reason for this conclusion is that
during the measurement of 7 -C isotherms, the roles of the left and right reservoirs are the same,
so that their exchange of particle with channel can be treated as a whole, which results in that
steady-state flux is equivalent to zero net exchange number between channel and the (left and
right) reservoirs as a whole. This conclusion also shows the reasonability of applying an
equilibrium statistical mechanical method on the mathematical derivation of 7 -C isotherms
under LTE conditions. This can also explain why the changes of probabilities of entrance, exit, and
hopping of particles relative to the channel do not seriously affect the simulated association
constants.

We then go back to consider that the stress, F(¢), generated by collisions of thionine molecules
with the inner surface of the channel. Given the single-file behavior as explained in Note S4 and 7,
> 7, as described in Note S1, F(r) may be related to the mean residence number of the thionine
molecules along the channel, 7 (7, by a linear form F(¢) = p- n (¢), where p is the mean stress of
single thionine acting on the inner surface of the channel. One then obtains equation (2) in the

main paper, that is £ (r) z117(’1;1—C(f)1
Clt)+x

4 M= 5k "'=1.24

Mean Residence Number
w

0 5 10 15 20

Concentration Gradient (mM)
Supplementary Figure S10. The relation between the mean residence number and
concentration gradient for three different lengths of the DNA channels. In the experimental
system of DNA nanocompartment, specially designed dsDNAs have 15~20 base-pairs
and a 6~7 nm double helix length. Comparing the channel length with the particle size, M
= 5 typically reflects our experimental configuration. Red lines fit the data with equation
(S10).
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Supplementary Figure S11. The effect of the changes of probability on the simulated
71 -C relations. Unit of ¥ shown is mM. The data simulated on all probabilities shown in
Fig. S9 times a factor of (a) 0.1, (b) 0.01, (c) 10, (d) 100. (e) Only P, times 10. (f) Only P,
times 0.1. (g) Po1 and Pqo times 10. (h) Pyy and P4 times 0.1. Red lines fit the data with
equation (S10).
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Note S6. Steep-wall potential and critical radius
The static channel-particle interactions can be simulated by a steep-wall potentia

O, (p)= 48[(%)&_(%)6} p—p,>cli2

24
I_

(S12)
0 p—p, <ol

where p is the distance between the axis of the channel and the center of the solute particle, and p
= R - R". According to equation (S12), one can evaluate R = o+ r, where r is the radius of solute
particles. We are aware that this potential is not exact. However, it was shown that simulation
based on this potential can produce results agreeing with experimental observation of single-file
diffusion across nanochannels in molecular sieves?.

The critical radius R” describes the critical behavior of the channel’s conformational transition
between the insulating and conducting states relative to the solute particles of interest. One would
expect that this transition is first-order, thus casting a physical parameter to reflect the
discontinuity. Obviously, the parameter is transport flux as a function of channel radius, since the
channel’s conformational changes can be described as a function of R (as explained in Note S2).
Of current experimental techniques, there is a lack of the approaches to simultaneously measure
the channel radius changes and transport flux through the single channel. In our entire analysis, we
have statistically assumed that all channels share the same geometry. Thus the R used in our
analysis is experimentally the mean from different channel geometry. The geometrical diversity of
the channels in a real DNA membrane should share the same statistical behavior, since the main
feature length of the geometry are identical. Similar arguments are available to our understanding
to the critical forces (F,, F,) and critical concentrations (C., C,), as well as the gating threshold (¥,
C"). For example, note that in Fig. 2c-e of the main paper the trajectory of DNA channel
conformation is the mean value over a large number of individual trajectories. A single trajectory
without average treatment contains stochasticity originated from Gaussian noise and system
fluctuation. Thus, a single real trajectory of DNA channel can result in different critical
concentrations. The critical concentrations determined in the mean trajectories of DNA channels
should be understood as mean critical concentrations averaged over a large number of individual
trajectories. If we have experimental method to measure the critical concentrations of single
trajectory of single DNA channel, the measured data should have indispensable fluctuation
consistent with stochastic factors in Fokker-Plank equations.

Note S7. Numerical calculation procedure of the complete flux-coupled
gating trajectories

The general calculation method used to couple the gating of flexible DNA nanochannel with
single-file transport flux of solute particles, as shown in Figs. 2c-e and Fig. 4 of the main paper, is
summarized as following procedures:

Step 1: to estimate the critical radius of the channel gating from the channel radius and particle
sizes. In the calculation of Figs. 2c-e in the main paper, the critical radius of the channel gating is
estimated R* = Ry + 0.3 nm.

Step 2: to find the increasing phase of the concentration gradient across the channel. In the
calculation of Figs. 2c-e in the main paper, the increasing phase of the concentration gradient is
dominated by C(f) = C,,(1 — ¢ ") + C.
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Step 3: to determine the opening critical concentration according to critical radius by solving
the mean trajectory of the DNA channel dynamics (equation (1) in the main paper) corresponding
to the increasing phase of the concentration. In the calculation of Figs. 2c-e in the main paper, the
increasing phase of the concentration gradient is dominated by C(f) = C,,(1 — e N + Cy. Using
equation (1) in the main paper, the time evolution of F(¢) can be determined by C(f) = C,,(1 — e
+ Cj. Substituting the F(¢) in equation (1) of the main paper with the equation (2), the mean
trajectory of the DNA channel represented by (x)-C curve (Fig. 2e in the main paper) can be
computed and the opening critical concentration C, can be obtained from the curve to be C, =
16.22 mM.

Step 4: to find the decreasing phase of the concentration gradient across the channel. As the
opening of the channels, the kinetic behavior of C(¢) is dominated by equation (7) in the main text.
To obtain an intuitive analysis, it is simple but instructive to select N(z) = N,. After rearrangement
of equation (7) in the main paper, the equation is simplified as
Cc(@) =f%:e*”’ +(C, —C'—%e”"’r)e_(t_t”)/r’ +C', where 7 = V(41No) ™, and C' = 4,C,
A

Step 5: to determine the closing critical concentration gradient according to critical radius by
solving the mean trajectory of the DNA nanochannel dynamics (equation (1) in the main paper)
corresponding to the decreasing phase of the concentration gradient. Similar to the description in
the Step 3, using the solution of C(f) given in Step 4, we can determine the closing critical
concentration C. = 0.77 mM, by inserting equation (7) to equation (2), then inserting equation (2)
into equation (1) in the main paper.

In the numerical calculation, we ignore some intrinsic complexity that is not important for the
points studied here. First, we do not take into account the defects as their affection is not important
to the macroscopic effects. In a real surface of DNA nanocompartment device, random
microstructure or even nanostructure may contribute specific effect. Experiments showed that this
effect is on the continuous small decrease of measured C(f), which does not affect the pumping
effect during the 7-T profiling. Second, the microscopic behavior of molecules inside ADNC may
be very different from those in the bulk solution. We do not take into account this effect because
this deficiency does not affect the major character of the gating mechanism studied in this work,
and also does not contribute specific effect on experiments. Third, in the steady state, N(¢) does not

explicitly depend on C(¢), but has a constraint of Z{ﬁg)ﬁ(&? —~R2)< (h, where R; is the radius of

the ith open channel, ¢ is the circumference of the ADNC, and # is the effective height of the
inner reservoir of ADNC. We used N(¢) = Ny in our calculation which is understood as the average
value of N(¢) over the interval ¢, < ¢ < .. However, since the change of N(¢) over the interval ¢, < ¢
<1, is less dominant, this treatment is a good approximation to the real case.

This numerical calculation can be more precise by using more accurate C(f) and N(¢) functions,
which can make the discontinuity of first-order derivative of C(¢), j(¢), and {x(¢)) vs. C(¢) to
become continuous at critical points. Typically, N(¢) can be refined by using the probability of
channel opening, P, = (1+exp(-BAG)) ™", where AG is the change of deformation energy during
the channel opening. However, the main features will not change under these detailed
improvements. While available experimental techniques are far away from observation on the
detailed dynamics, we do not work much further on these improvements. Theoretically, these
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improvements cannot essentially promote the quality of this study.

Note S8. Simulation methods of I'-T profiles

Equation (1) in the main paper gives a threshold force F = 2na(R" — Ro) at a steady state
(&x(2))/or = 0). The work of F(£) can gate the DNA channels only if the maximum of F(z) is larger
than F . Substituting F = 2na(R” — Ry) into equation (2) in the main paper, one can immediately
derive the equation (3) in the main paper, which provides a criterion of channel gating: the
channels can be opened only if C,, is larger than C", where C,, is the maximum value of C(?)
after the increase of temperature triggers the thionine’s release from PDC monolayer.

While in Note S7 we have descried how to numerically compute the C(¢) changes coupled with
the channel motion trajectories (x(f)), the simulation of /-7 profiles is to calculate the detailed
trajectories of the channel motion coupled with C(¢) and j(f) in every measurement step after the
temperature change triggers the thionine release from PDC monolayer, where the channel opening
events are determined by whether the C,,.,. in such a measurement step could overwhelm C". Thus,
besides the numerical method described above, the first step to simulate 7-7 profiles is the
determination of C” as a function of temperature.

S$8.1 Determination of C” as a function of DNA density and temperature

Equation (3) in the main paper suggests that the determination of C" as a function of temperature
is dependent of «(7) and x(7), whereas other parameters are independent of temperature. The
temperature dependence of «*(7) has been given in equation (S11). In the temperature of interest,
it changes in a very small range and is nearly a constant. Here we first analyze «, then go to R.

It is intuitive that « is directly dependent of dsDNA density (o). The higher the dsDNA density,
the larger the a. Assume that p,.. is the high limit of pwhen the intermolecular spacing is
absolutely equal to the dsDNA diameter. Of course, pmax IS physically impossible, but can be
approached infinitely by compression the dsDNA density with an infinite force, assuming that
dsDNA helices are infinitely rigid. We notice that « should be divergent when o approaches pmax

infinitely, that is, p = pmax gives a singularity of « as a functions of p. One may write down the

asymptotic behavior of « near p= pmax as k—a where k, and A (k, > 0, 1>0) are
(P = P)*

constants defining the behavior. On the other hand, when o decreases to a regime (o < pmin) that

allows interaction between neighboring dsDNA molecules to be negligible, the corresponding «

should be zero. Here pmin measures the low limit of p that gives rise to non-zero «. Then, one

obtain the behavior of « as

k

a

a(p) = oy PP, (S13)

0 (pgpmin)

In light of this analysis, we can qualitatively plot the relation between «and p as shown in Fig.
S12(a). Based on the above analysis, one should notice that p is dependent of temperature
because the melting of dsDNA begins at a temperature much lower than the melting point.
Although at such a temperature, the melted percent of dsDNA is rather small, the corresponding
small decrease of p can result in large decease of « according to equation (S13) and Fig. S12.
This is why we have to take into account the temperature dependence of «. The temperature
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dependence of p is proportional to the percent of non-melted dsDNA molecules, thus can be
empirically fitted with a Boltzmann function

po P (S14)

= AHIRT-ASIR '
l+e

where pyis the density of ssDNA immobilized on surfaces, AH and AS are the enthalpy and
entropy differences of the dsDNA melting respectively. Equations (S13) and (S14) provide an
understanding to the temperature dependence of «. According to equation (3) of the main paper,
the temperature dependence of C” is finally determined.

a " Supplementary Figure S12. (a)

A Schematic drawing on the relation of
between a and dsDNA density. In our
experiments, pmn ~ 1.0 x 10"
molecule-cm™, and pmax ~ 2.9 x 10"
molecule-cm™. (b) R — R, as a function
of ssDNA density (00). A small variation
of p in the range of (0.6 —1.0) x 10"
molecule-cm™ gives rise to the change
of R — R in the range of 0 — 0.5 nm.
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We then discuss the DNA density dependence of C". According to equation (3) in the main
paper, the dependence arises from « and Ry. Whereas the relation between « and DNA density has
been clarified by equations (S13), (S14), the relation between R, and DNA density appears simple.
The relation in the case of hexagonal packing of dSDNA membrane is

_ |2 nm). S15

R, = 3\/5/70_1( ) (S15)

Note that we use the character p, to distinguish the sSDNA density from dsDNA density (p); the
ssDNA density is independent of temperature. Figure S12(b) depicts the R — R, as a function of
po. One may question why not consider Ry as a function of p. We emphasize that for a well formed
DNA channel, a slightly melting of its surrounding dsDNA molecules should have much less
effect on Ry because R is inherently determined by the lateral interaction potential between

neighboring dsDNA forming the channel. Although o is dependent of temperature, our modeling
is merely correct at a temperature regime that allows a very small fraction of melting DNA,
because substantial melting should lead to the breakdown of ADNCs and DNA channel. In our
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simulation of /=T profiles in the temperature regime of interest (0-50 °C), it is reasonable to
consider the effects of temperature and pyas two independent factors. Combing equations
(S13)-(S15) with equation (3) of the main paper, one can make clear the DNA density dependence
of C". These analyses establish a basis for the simulations of /=7 profiles. Figure S13 summarizes
the temperature-dependence of C" used in the practical simulations.

10 —e— Used in Figs. 4a, S3,4

T —e— Used in Fig. 4b

E —e— Used in Fig. 4c

8 | —e— Used in Fig. 4d
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Supplementary Figure S13. C used in the simulations of -T profiles. Inset describes

that each C" curve is used in which one of the simulated T profiles. Note that the large

discrepancy of these C curves only arise from a small change of py via equation (3) in the

main paper and the analysis shown in Fig. S12 and equations (S13)—(S15).

$8.2 Determination of Cpax as a function of temperature during 7-T profiling

Let us go back to the 7-T profiling procedure shown in Fig. S1. Assume Ci() = C,; before the
DNA channels are opened in the ith measurement cycle of 7-T profiles, where i is a positive
integer. The temperature change during the measurement will release thionine into ADNC and
result in the change of Cy(¢) by a functional form Ci(?) = C,, (1 — exp(-#/7)) + C,,. So the expected
maximum value of C{(¢) in such a measurement is C,..; = Cn; + C,;, Which is used to be
compared with C* to judge whether the C(s) is able to open the DNA channels in such a
measurement. Figure S14 (red circles) shows the C,, as a function of temperature that is used in
the simulation of /=T profiles. However, when the DNA channels are opened in the thionine
pumping, the release C,, of thionine from PDC should be enhanced because the loss of thionine
from ADNC can change the reaction equilibrium of PDC-thionine complex decomposition to
promote the decomposition, as shown by the black circles of Fig. S14. Note that C,, corresponding
to the case of opened DNA channels should not be used to judge whether the C() is able to open
the DNA channels in such a measurement, because if the DNA channels are not opened the C,,
cannot reach that high values.

The data shown in Fig. S14 are calculated from the 7=-T profile of the open-state ADNC (shown
in black circle in Fig. 1d of the main paper), by the method as described as follows. Consider the
equilibrium constant K; of the chemical reaction, PDC-thionine = PDC + thionine, at
temperature 7' = iAT during the ith measurement cycle of a /=T profile, where i is a non-negative
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integer, i = 0, 1, 2, ..., 10. In the case of open-state ADNC, K; = (o— &) oruiloi, where o is the
area density of PDC monolayer, o; is the area density of thionine-bound PDC among the PDC
monolayer, ory; is the area density of free thionine near the PDC monolayer. In the case of
closed-state ADNC, K; = (o— &)o't/ o, where ¢ is the area density of thionine-bound PDC
among the PDC monolayer, o’ o't is the area density of free thionine near the PDC monolayer.
Thus we have a series of equations

(00— &) omiloi = (o— %) omilo’, (S16)
where the data of the left term are well obtained from the /-7 profile of the open-state ADNC.
And o’y in the right term can be solved by the recursion relations

O'i+1 — O = OTHji+1 — OTH,i (S17)

whereas o’y and o'ty are readily known from experimental data. Note that ¢’j+1— i = C,jis1Ah =
C.((i+1)AT), where Ak is the small height of space near PDC monolayer where free thionine
inside the ADNC can readily participate into the surface-based chemical reaction. Equation (S16)
can also be used to determine the C,, corresponding to opened DNA channels, only modifying
equation (S17) as c’is1— 0'i= orhiss— Ot + H(Co i1 — Cei+1). We emphasize that only one set of
the C,, function, as shown in Fig. S14, is used in all the /=7 simulation of Fig. 4 in the main paper
and Figs. S3-S5.

11 4
] . —e— System with open channels

10-. \.\. —®@— System with closed channels

9 4 \.

8 ] \o\.
g 7 T
E 6] ~_
6 5 _- '-.___.

4]

3 ]

2 { T,

1 — .___.'_‘—.-——-.._ *— o

0 10 20 30 40 50

Temperature (°C)
Supplementary Figure S14. C,, used in all the simulations of -T profiles. C,, is the
maximum concentration of thionine released from PDC monolayer at a temperature
during the T profiling. When the DNA channels are all closed, the release of thionine
from PDC monolayer should be quite small. The result of this case is shown as red circles.
On the contrary, when the DNA channels are opened in the thionine pumping, the release
of thionine from PDC should be enhanced because the loss of thionine from ADNC can
change the reaction equilibrium of PDC-thionine complex decomposition to promote the
decomposition, as shown by the black circles. The two curves roughly give high and low
limits of the C,,, in a practical case. The data are calculated from the I'-T profile of the open
state of the system based on equations (S16) and (S17).

$8.3 Simulation algorithm of 7T profile
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Actually, Figure S1 clearly shows the main scheme of the simulation algorithm of 7-T profile. A
detail is readily presented as following:
Step 1: Set the initial quantity of thionine confined inside ADNC at T, as well as initiate all
other fixed parameters (Table 1 in the main paper), including C" and C,;
Step 2: The temperature is increased by a small step AT =5 °C, and C(¢) is elevated accordingly
by Co;
Step 3: Judge whether DNA channels can be opened by the elevated C(f), via the criterion
described in the main text, that is, the DNA channels can be opened only if Cpax > c
Step 4: If the DNA channels are opened, then calculate the complete flux-coupled trajectories of
DNA channels by the numerical method described in Note S6. The calculated #(C, — C,) is then
subtracted from the 7~ value.
Step 5: Go to Step 2.

Note S9. Modulation of I'-T profiles in simulations and experiments
Our modeling suggests that the overall behavior of I-T profiles is intimately dependent of the
threshold C” and the initial quantity of thionine stored in PDC monolayer, as demonstrated in Figs.
1d, 4 of the main paper and Figs. S3—S5. The former can be modulated by switching temperature
T, and thionine concentration in incubation solution during thionine storing procedure. The later
can be modulated by ionic strength, hybridization efficiency, and buffer composition. Although
our experiments only involve part of the modulating parameters, all possible types of I-T profiles
predicted by the model are observed in experiments, suggesting that the gating behaviors may be
modulated simply by tuning the aforementioned parameters after the nanosystem is self-assembled
well. While we have described the fundamental mechanism that gives rise to polymorphism of 7-T
profiles shown in both the main paper and this supplementary document, it will be helpful to give
a descriptive detail about how to achieve experimentally the polymorphism of the 7T profiles
shown:
® Figure 4a, S3, S4: a high dsDNA density of about 10.0 x 10" molecules-cm™?, and a high
ionic strength in Tris buffer solution (100 mM NaCl, 1 mM MgCl,).
® Figure 4b: a relatively low dsDNA density of about 6.5 x 10* molecules-cm™ and a high
ionic strength in Tris buffer solution (100 mM NaCl, 1 mM MgCl,).
® Figure 4c: a high dsDNA density of about 10.0 x 10*? molecules-cm™and a low ionic
strength in Tris buffer solution (100 mM NacCl).
® Figure 4d: a relatively low dsDNA density of about 8.0 x 10" molecules-cmand a low
ionic strength in Tris buffer solution (100 mM NacCl).
® Figure S5: a relatively low dsDNA density of about 7.5 x 10' molecules-cmand a high
ionic strength in Tris buffer solution (100 mM NaCl, 1 mM MgCl,).
Note that the dsDNA density termed as above refers to the local dsDNA density in a
micrometer-square area, not an average over a macroscopic area. The dsDNA density is equal to
the density of closed DNA channels in equilibrium among the dSDNA membrane. The method to
determine the density is described in detail elsewhere’*2. The affection of ionic strength on the
melting point and stability of dsSDNA is also widely discussed in literature>-=2,
In addition, we emphasize that all experiments shown in Figs. 1d, 4a, S3, S4 are based on the
same samples and experimental configuration with only changing T¢, and all corresponding
simulations in Figs. 4a, S3, S4 are based on the same parameter set with only changing 7,. The
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strict consistency may guarantee the availability of the comparisons between the simulations and
experiments. Besides the high consistency among these data, the other simulations shown in Figs.
4b-d, S5 are obtained by only varying C" as shown in Fig. S13, which further confirms that our
modeling may really capture the inherent properties of DNA channels.
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Supplementary Discussion

Minimizing the perturbation of measurements on the system behavior. The electrochemical
measurements would inevitably interact with the nanosystems. This is also the major origin of the
data noise and errors. For example, it is known that cyclic voltammetry (CV) would deactivate the
electroactivity of thionine molecule temporarily. To minimize the measurement perturbation to our
system, we employed a few strategies. First, each measurement is performed after the thionine
transport events and the system reached equilibration well, in which external measurement have
much less effect on both dsDNA layer and thionine inside the DNA nanocompartment, according
to both our previous studies and other related literature®>12223435 gecond, the voltage scanning
range of CV is kept in a range of —0.4 ~ 0 V, which is proved not to affect the conformation of
dsDNA layer¥. Third, each measurement is performed rather quickly by manual operation with
intervals minimized as possible. Fourth, after each measurement the device is immediately
returned to the operation buffer to recover both the equilibrium of system and thionine’s
electroactivity.

Experimental limitation. Our model not only explains quantitatively the experimental
observations, also predicts the detailed dynamics of single DNA channels and the corresponding
excited transport flux. However, our current experimental techniques do now allow the
simultaneous examination of the dynamics of single-channel and the transport flux across it. It is
expected that the technical difficulty remains in future investigations.

Mathematical aspect of our theoretical modeling. One of the purposes of this work is to
intimately couple single-channel gating dynamics with single-file transport dynamics, in other
words, how the single-channel dynamics is affect by the non-equilibrium transport dynamics of
particles through the channel. Our basic idea on this problem is to establish the connection
between the two dynamics, which mathematically can solve the coupled behaviors by enabling
joint consideration of both the dynamics. As the analysis described in the main paper, the
dynamics of single DNA channel is dominated by the applied external force F(f) (according to
equation (1) in the main paper). Meanwhile, the steady sate of single-file transport flux is
dominated by C(f) (according to equation (5) in the main paper). Therefore, to connect the two
dynamics is to establish: (Z) the relationship between the gating of single channel and F(¢), (2) the
quantitative relationship between F(z) and C(#). The first relationship determine in what state of
single-channel the transport flux through the channel can be established, assuming that the
channel’s gating depends on the mechanical force that it received. This relationship is established
by the proposed dual criticality picture, in which the permeability of single-channel defined by a
critical radius of the channel, R", can lead to two critical forces (F,, F,) describing the opening and
closing criticalities of the channels, via the hysteretic trajectories. The second relationship actually
extends the first relationship from microscopic scale to macroscopic quantity, which can be used
to predict experimentally testable values. Mathematically, the quantitative relationship between
F(?) and C(¢) let us to be able to jointly consider the equations (1), (2), (5) in the main paper, and
simplify the three equations into one; in other words, if one know C(¢) or j(¢), one then can solve
the trajectory of (x(¢)). Thus, the unknown variables are simplified to find the solution of C(¢) or
j(8). This is then done in equation (6) in the main paper, and the subsequent equation (7) gives the
analytic solution.
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Difference of physical meanings between gating threshold and trajectory-dependent dual
criticality. Both the critical concentrations C,, C., and the gating threshold concentration C" are
the physical consequence of R". However, they have remarkable different physical meanings. The
critical concentrations C,, C,, cannot be used to judge which kind of C(z) can open the channel,
because C,, C. are trajectory dependent, whereas the trajectory is dependent of the initial
condition which is always changed in each measurement step of the I-T profiles, as shown in the
insets of Fig. 4 of the main paper. However, C" is defined as 6(x(¢))/ot = 0, which corresponds to
the final state (f — ) of C(¢) increase by C(?) = C,(1 — exp(-t/7)) + Ci. C physically
corresponds to the minimum force F " whose work can dilate the channel to R*. Therefore, C" and
F" reflect the inherent properties of the channel gating, independent of the trajectory of channel’s
motion, and are not directly measurable in the 7-T profiles, whereas C,, C,are transient and not
inherent, but can be observed by their difference form of C, — C. in the I-T profiles. More
intuitively speaking, C” gives rise to the diverse overall behavior (modulability, polymorphism) of
the I-T profiles, whereas C,, C.give rise to the quantitative details of each data point in a 7-T
profile.

Limitation of theoretical modeling. While the theoretical modeling includes a few
coarse-graining treatments, we have established a minimal model to unify the channel gating and
single-file flux pumping into one picture. While being put into simplicity, the physical picture can
be improved in several ways. For example, we can further ask whether the asymmetry of DNA
channel during its gating could contribute nontrivial effect on the single-file transport, whether the
critical radius shifts according to the concentration gradients or other physical perturbation, how
important the noise can play a role in the non-equilibrium channel gating, and so on. One would
notice that these questions raise nontrivial tasks to find appropriate answers which are
substantially beyond one paper. Thus, they remain for future studies.

Ratchet-like mechanism. Based on our modeling, we identify both channel’s gating and solute
permeation as a ratchet-like mechanism. For the channel’s gating, the symmetry breaks for both
closed state and opened state. At the closed state, the channels with ground energy are faced with
asymmetric steric constraints (as shown in Fig. 2a of the main paper) in both directions, where R(f)
is more easier to increase than to decrease. Also, the symmetry breaking between channel’s
dilation (increase of R(f)) and shrinkage (decrease of R(¢)) occurs when the channel is opened with
thionine flux established. This lack of symmetry reflects the intuitive picture that opened channels
move more easily along the direction of R(¢) decrease than the direction of R(f) increase. This
spatial breaking symmetry of channel’s motion then leads to breaking of time-reversal symmetry
of transport flux via spontaneous changes of channel-particle interaction. Intuitively speaking, the
solute flux tend to decrease in most time during the channel’s opening due to that the solute
permeation is against the higher deformation potential of DNA channels. Our computations shown
in Fig. 2 and Fig. 4 of the main paper clearly show this time-reversal symmetry breaking, resulting
in ratchet-like oscillations of j(¢), R(f), and F(f). Thus, the typical entire potential profile of a
thionine molecule moving along a single DNA channel depicted in Fig. S8 (lower panel) is a
function of time during the channel’s gating, with the same periodic changes as j(¢) and F(z).

What properties are important for solute molecules that can transport DNA channels as a
mechanism described in this study? Previous works have shown that the molecular encaging
effect of ADNCs (that is, small molecules of suitable sizes can be encaged inside ADNC) is a
generic property of ADNC, and is nonspecific to certain species™2. Although this study only used
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thionine, it is possible that other small molecules can also be used as transporter solute once if the
way to regulate their concentration inside ADNC is found. According to our model, the size is the
major consideration of solutes that could be transported cross the channels. We believe those
minor properties like charge or hydrophobicity (or hydrophilicity) should have detailed effects on
the transport behavior. However, our modeling shows that those minor properties have much less
effect on the major character of transport-flux-coupled gating of the channel which is described in
the main text. This is because the properties like charge or hydrophobicity are mainly reflected in
the parameters (p and n,,) in equation (2) and the parameters (4; and 45) in equation (5) of the
main text. But our major calculation results shown in Fig. 2 and Fig. 4 of the main paper are much
less sensitive to these parameters around the value shown in Table 1.

Implication of the modeling on the design of DNA channels system. The theoretical
modeling also provides a general framework for the in silico rational design of DNA channels
system. The equation (1) in the main text means that two physical properties of the DNA channels
are crucial for their gating dynamics and may be designed by DNA sequences and nanostructures:
the conformational diffusion coefficient (D), and the area tension (&) on the circumference of the
channels. D usually decreases with increasing the weight of single DNA motif that forms the DNA
channels®, as well as is related to the geometrical shape of DNA motifs and the connection
fashion between the DNA motifs. « is determined by the interaction between the DNA motifs.
Both of the properties are designable by the structure of DNA motifs, which is programmable
from DNA sequences. For example, the structure of DNA motifs could be four-stranded i-motif
structure®, G-quadruplex DNA and four-stranded paranemic crossover DNA® etc. The
different structures give rise to distinct flexibility and stiffness of DNA motifs and distinct
interaction energy between the DNA motifs, thus leading to distinct D and «. This may provide us
a versatile means to program the physical properties of DNA channels, as well as their inherent
gating dynamics.
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