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Supplementary Methods 1: Setup and simulation of full-length MspA-DNA-
phi29 system

The atomic coordinates of a phi29 DNA polymerase were obtained from the Protein Data
Bank (2PYL).! The fragments of the primer and template DNA resolved in the structure
of the phi29 polymerase were retained. Using the phantom-pore method,? a 40-nucleotide
fragment of a poly(dA) strand was placed within a full-length M1 MspA nanopore.®* The
backbone of the poly(dA) strand was approximately aligned with the axis of the nanopore;
the 5’ end of the strand was located at the trans side of the membrane (see Figure la in the
main text). The 3’ end of the poly(dA) fragment was covalently linked to the 5 end of the
template strand of the crystallographically resolved DNA-polymerase complex. The terminal
di-deoxyadenosine monophosphate of the primer DNA was removed. The primer-template
DNA duplex was extended by the addition of a 12-basepair dsDNA fragment of the following
sequence: [§-TTGCAATTGGGC-3"-5'-GCCCAATTGCAA-3']. The resulting system was
merged with a 12 x 11 nm? patch of a 2-oleoyl-1-pamlitoyl-sn-glyecro-3-phosphocholine
(POPC) lipid bilayer. The lipid molecules overlapping with the protein were removed; the
resulting patch contained 272 lipid molecules. The system was immersed in a volume of
water molecules. KT and Cl~ ions were added in proportions to produce an electrically
neutral system containing 1 M KCI solution. The final system measured 12 x 11 x 22 nm?
and contained about 226,000 atoms.

All simulations of the polymerase-anchored DNA in the full-length MspA nanopore were
performed using the NAMD2 program.® The simulations employed periodic boundary con-
ditions, particle mesh Ewald® electrostatics and multiple time-stepping.” An integration
timestep of 2 fs was used with SETTLE® and RATTLE?® algorithms applied to covalent
bonds involving hydrogen atoms in water and biomolecules, respectively. The local interac-
tion forces were evaluated every timestep while the full electrostatic forces were evaluated
every three timesteps. The van der Waals forces were evaluated using a cutoff of 8 A and a

switching distance of 7 A.1® The CHARMM27'! force field was used for the protein, nucleic



acids, ions and lipids with additional custom NB FIX corrections for the DNA-ion inter-
actions.'? The Lowe-Anderson thermostat'® was used to maintain a temperature of 295 K.
After initial minimization of 3000 steps, the system was equilibrated for 2 ns in the constant
number of particles, pressure and temperature ensemble maintained using the Nosé-Hoover
Langevin piston pressure control.'* Subsequently, the system was simulated for 130 ns in the
constant number of particles, volume and temperature ensemble and in the presence of an
external electric field applied perpendicular to the lipid membrane, producing a transmem-
brane bias of 180 mV. In the latter simulation, no restraints were applied to DNA or the
phi29 polymerase. In all simulations, the C, atoms of the MspA nanopore were restrained
to their crystallographic coordinates using a harmonic potential with a spring constant of

695 pN/nm.
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Supplementary Figure 1: MD simulation of full-length MspA-DNA—-phi29 sys-
tem. (a) Snapshots illustrating a 130 ns MD trajectory carried out under a 180 mV trans-
membrane bias. The MspA nanopore is shown as a green molecular surface cut-away to
reveal a template DNA strand (yellow) threaded with its 5" end through the MspA constric-
tion and its 3’ end through the phi29 polymerase (blue molecular surface). A DNA strand
complementary to the template strand forms a DNA duplex between the active site of the
DNA polymerase and the 3’ end of the template strand. The MspA nanopore is embedded
in a POPC bilayer (purple). Water and ions are not shown. During the course of the simula-
tion, the polymerase and the duplex part of the DNA rotated about the axis of the pore by
more than 90°. Such large scale motion of the polymerase did not have a measurable effect
on the conformation of the template strand in the MspA constriction. Supplementary Movie
1 illustrates this MD trajectory. (b) The nanopore ionic current versus simulation time for
the MD trajectory of the full-length MspA-DNA-phi29 system. Each data point shows a
1 ns average of the 10 ps sampled trajectory. (c) The number of nucleotides between the
constriction of MspA (residues 90 and 91) and the junction of single- and double-stranded
DNA at the active site of the polymerase. The relatively short (130 ns) duration of the
MD trajectory was likely not sufficient to observe a full extension of the template strand
under the 180 mV transmembrane bias. (d) The z-coordinate of the center of mass of the
polymerase. In our coordinate system, the z-axis is parallel to the nanopore axis; the origin
is located 11 A above the center of mass of the MspA constriction (residues 90 and 91), in
the MspA vestibule.
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Supplementary Figure 2: Electrostatic potential map of MspA. (a) Atomic-scale
model of a full-length MspA system embedded in a lipid bilayer membrane. The protein
is shown as a cut-away molecular surface, the lipid bilayer is shown as green lines and
brown spheres; ions are shown as purple dots, water is not shown. The model contains
approximately 167,000 atoms and was built as described elsewhere.? (b) The electrostatic
potential map of the full-length MspA system under a 180 mV transmembrane bias. The
map was obtained by averaging the instantaneous distributions of the electrostatic potential
over the microscopic conformations observed in a 25 ns MD trajectory and over the eight-fold
symmetry of the channel.#?® The = and 2z axes points parallel and normal to the plane of
the lipid bilayer. (c) The average electrostatic potentials along the symmetry axis of the
MspA nanopores observed in MD simulations of the full- and reduced-length MspA models.
The electrostatic profiles were computed from all-atom MD simulations of open (no DNA)
MspA nanopores at a 180 mV bias. The background image of the nanopore aligns with the
profiles of the electrostatic potential.
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Supplementary Figure 3: Simulated ionic current blockade traces for the 3'- trans
MspA systems. (a) (Left) A representative conformation of a thymine homopolymer.
(Center) Blockade current (color) and the number of bulk-like water molecules (black) in
the MspA constriction versus simulation time for the minimal systems containing a thymine
homopolymer threaded through MspA in the 3'-trans orientation of the strand. Each data
point shows a 100 ns block-average of the 100 ps-sampled MD trajectory, see Supplementary
Note 1. (Right) Normalized histograms of the blockade current traces for thymine homopoly-
mer. The histograms were built using 100 ns block-averages of the 100 ps-sampled current.
(b,c) Same as in panel a but for adenine and cytosine homopolymers threaded through
MspA in the 3'-trans orientation of the strand. In the simulation of the 3'-trans poly(dA)
system, the complete blockade of the ionic current was produced by the 3’-end of the strand
blocking the constriction (Supplementary Movie 7).
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Supplementary Figure 4: The effect of block averaging interval. (a) Histograms
of the blockade currents for the three 100-ps sampled MD trajectories block-averaged over
the 0.1, 1, 10 and 100 ns intervals. Increasing the duration of block-averaging interval
makes the current histograms more compact as thermal fluctuations are averaged out. (b)
Pearson correlation between the blockade current I/, and the number of bulk-like water
molecules Ny, for the same MD trajectory of the 5'-trans poly(dT) system computed using
the specified block-averaging of the raw (100-ps sampled) data. Thermal fluctuations obscure
the correlation between I/1; and Ny, in the case of datasets block-averaged using short (<
10 ns) averaging intervals.



Supplementary Note 1: The effect of block averaging interval on the simulated
ionic current distributions.

In an MD simulation, instantaneous atomic coordinates of the system are periodically
recorded with a certain interval; the practical range being from 1 to 100 ps (the simulation
time step is 2 fs). We compute the instantaneous ionic currents by summing up instantaneous
displacements of individual ions; the latter are determined by comparing coordinates of
the ions between consecutive frames of an MD trajectory.!® Thus, the instantaneous ionic
currents are recorded at the same sampling frequency as the atomic coordinates. For the
simulations reported in this work, the sampling frequency was 100 ps.

As we show below, the instantaneous current values at the picosecond time scale are
dominated by thermal displacements of ions. To obtain meaningful representation of the ionic
current dependence on the simulation time, thermal displacements of ions must be averaged
out. To accomplish that, an instantaneous ionic current trace (sampled at 100 ps) is split
into fragments of specified length (1000 sampling points for the 100-ns block-average traces
reported in Figure 2 and Supplementary Figure 3); each fragment is assigned an average
value obtained as the arithmetic mean of the instantaneous values within each averaging
interval, the block averaged value. Note that such block averaging procedure does not alter
the average value of the entire ionic current trace.

To understand the dependence of the ionic current distributions on the duration of the
block-averaging interval, Supplementary Figure 4, let’s consider displacements of a single
ion in bulk electrolyte solution subject to a uniform electric field along the direction of
the field, the z axis. The motion of the ion is a superposition of stochastic displacement
(prescribed by the ion’s diffusion constant D) and unidirectional drift in the applied field
(prescribed by the ion’s electrophoretic mobility u). For a time interval ¢, the magnitude
of average stochastic displacement of the ion is zgoen = (2Dt)1/ 2. whereas the deterministic
component is zqey = Fput. At high ¢, the deterministic displacement dominates over stochastic

displacement. However, at small enough ¢, the stochastic displacement can have a larger



amplitude. The crossover time t..s can be found by equating both displacements and
solving the equation for t: zge = Zsoen OF (2Dt)/2 = Eput leads to teess = 2D/(Ep)?.
Using the Einstein relationship, D = kgT'u/q, where ¢ is the ion’s charge, we arrive at
teross = 2kpT/(quE?). For kg = 1.35-1078 m? kgs 2 K1 T =293 K; ¢ = 1.6-1070 Q; pp =
1078 m?/(Vs); E=100mV /4 nm = 2.5-107 V/m, we obtain ¢ 8 ns. The instantaneous
current [ = gAz/At associated with the stochastic and deterministic components are Igoen, =
q(2D/At)Y? and Iy, = qEp. Thus, the amplitude of the instantaneous current produced by
stochastic displacement of an ion increases as the sampling time interval decreases whereas
the deterministic component remains constant. Because stochastic displacement are equally
likely to occur along or against the applied electric field, the instantaneous currents due to
stochastic displacement are equally likely to have positive or negative signs.

The dependence of the ionic current histograms on the block-averaging interval, Supple-
mentary Figure 4, is in accord with the above theoretical considerations. At 100 ps sampling
frequency, the histogram’s tails extend in both negative and positive values. The tails be-
come considerably shorter at 1 ns sampling and disappears at 10 ns sampling, in agreement
with our estimate of the crossover time (8 ns). The histograms of 100-ps sampled current
exhibit prominent peaks around a zero current value. The appearance of the peak reflects
a large fraction of microscopic configurations that had no ions present within the 8-A slice
of the nanopore volume that we used to compute the instantaneous ionic currents. The
presence of the peak also signifies that some ions remain relatively immobile along the z axis

for a period of time exceeding 100 ps before passing through the pore constriction.
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Supplementary Figure 5: Boot-strapping test for the convergence of the MD
trajectories. For each simulation system, the left column shows the average value and the
distribution of the blockade current computed from the entire MD trajectory, whereas the
right column shows the average values and the distributions obtained from the fragments of
that trajectory. The standard error was estimated using the average values of the trajectory
fragments. Using the Mann-Kendall and von Neumann tests,” we determined that ionic
current traces block-averaged over 500 ns or longer intervals do not exhibit correlations at a
5% level of statistical significance.
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Supplementary Methods 2: Ensemble simulations of ionic current blockades
Ensemble simulations of DNA homopolymers systems were carried out following the
protocol described earlier.* Briefly, sixteen different DNA configurations were obtained from
a 110 ns trajectory of a full-length MspA system at a 1.2 V transmembrane bias.* The
reduced-length (minimal) MspA system, which contained water, lipid, ions but no DNA was
combined with the DNA strand in each configuration, producing sixteen different systems.
DNA segments that extended outside the water box were deleted, the nucleotide composition
of the DNA strand was changed to comprise cytosine, adenine or thymine homopolymers.
K" and Cl ions were added at random positions to bring the total charge of each system
to zero. Following the usual minimization and equilibration protocols, the ends of each
DNA strand were brought together (across the periodic boundary) in a 240 ps steered MD
simulation.'® Subsequently, the ends were covalently joined via a custom patch to create an
effectively infinite DNA strand joined through periodic boundary conditions. Supplementary
Figure 6a illustrates a typical simulation system. The length of the DNA fragment varied

among the sixteen systems from 13 to 21 nucleotides.

12



Supplementary Table 1: Ensemble simulations of ionic current blockades. The en-
semble simulations were performed using sixteen replica systems each containing the reduced-
length MspA pore and a DNA strand covalently linked to itself across the periodic boundary
of the system. Each replica had a unique initial conformation of the DNA strand. Supple-
mentary Figure 6a illustrates one such replica system. The sixteen replicas of each homopoly-
mers system were simulated in parallel at a transmembrane bias of 180 mV. The strands
were free to permeate through the nanopore, exploring a range of microscopic conforma-
tions. Supplementary Figure 6b specifies the displacements of the DNA homopolymers in
the ensemble simulations. To find the average blockade current from the ensemble simulation
of a homopolymers system, the average ionic current within each individual trajectory was
computed first. The ensemble-average value and the standard error were computed using
the sixteen average current values, one from each replica. Individual simulation trajectories
ranged in their duration from 300 to 800 ns. The total duration of the sixteen independent
trajectories is listed in the last column of the table for each homopolymer system. The open
pore ionic current at 180 mV was 910 pA.

System Average current | Average current Total length
(pA) blockade (%) | of 16 trajectories (us)
5'-trans poly(dT) 188 + 30 20.6 £3.2 8.1
5'-trans poly(dA) 327 + 50 35.9+5.5 11.3
5'-trans poly(dC) 179 £ 24 19.7£2.6 7.9
3'-trans poly(dT) 172 £ 20 189 £2.2 7.3
3'-trans poly(dA) 173 £ 14 19.0+£ 1.5 9.8
3'-trans poly(dC) 126 £ 13 13.8+1.4 11.2

13
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Supplementary Figure 6: Ensemble simulations ssDNA transport through
MspA. (a) A typical system used in ensemble simulations. The reduced-length MspA
pore (same as the one used in the anchored simulations) is shown as a cut-away molecular
surface, the backbone of a DNA strand is shown as yellow spheres, the DNA bases are shown
as thick magenta lines; lipid, water and ions are not shown. The DNA strand is covalently
joined to itself across the periodic boundary, forming an effectively infinite DNA strand. (b)
Electric field-driven permeation of DNA homopolymers. The number of nucleotides translo-
cated through the constriction of MspA is plotted as a function of time for each of the
six ssDNA homopolymers. Each trace is shown in two colors, indicating sixteen individual
trajectories (differing by the initial conformation of ssDNA) that were added consecutively
to produce the total permeation trace. A transmembrane bias of 180 mV was applied in
each simulation. Supplementary Table 1 lists the average ionic current recorded from the
ensemble simulations.
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Supplementary Note 2: Relationship between simulated and experimental ionic
current

Three factors contribute to the mismatch between the absolute ionic currents obtained
in our MD simulations of the reduced-length (minimal) MspA systems and experiment:
truncation of the MspA channel, bulk conductivity and access resistance.

Truncation of the MspA vestibule increased the conductance of the MspA nanopore.
Under identical simulation conditions (180 mV transmembrane bias), the simulated open
pore current for the full-length MspA system is approximately 610 pA, which is 300 pA less
than the simulated current for the truncated pore model, 910 pA.

The experimental bulk conductivity of 1 M KClI is 10.5 S/m. The bulk conductivity of
1 M KCI simulated using the MD method is approximately 15 S/m.!° The absolute conduc-
tance of a water-filled channel can be estimated by scaling the simulated conductance with
the ratio of bulk conductivities.'® Because the actual concentration of ions may vary within
the channel, the scaling procedure gives an approximate value of the absolute conductance.

In experiment, the measured ionic current reports the overall resistance of the system
R = R, + Raccess, Where R, is the channel’s resistance and Raccess 1S the access resistance. '’
The access resistance of a channel depends on its diameter d and on the bulk conductivity o
as Raccess = 1/(20d) for each side of the channel. In the case of a full-length MspA channel,
the total access resistance can be estimated at 0.57 - 10® Ohm using 1 and 5 nanometers
as the diameters of the trans and cis entrances, respectively, and the experimental value
of the bulk conductivity (¢ = 10.5 S/m). Experimentally, the ionic current through an

open MspA pore at a 180 mV bias is 328 pA.!® The total resistance of the system is thus
180 mV
328 pA

In simulation, the ionic currents are determined under periodic boundary conditions. Hence,

= 5.49-10% Ohm, giving the channel’s resistance Ry, = R — Raccess = 4.92-108 Ohm.

the simulations do not properly describe the access resistance of the experimental system.
Taking into account the missing access resistance and the difference between the simulated

and experimental bulk conductivity values, the expected value of the simulated ionic current

15



15S/m 180 mV
10.5 S/m 4.92 Ohm
within 16% of the value observed in our MD simulation (610 pA). Given the approximate

of a full-length MspA system can be estimated as = 523 pA, which is
nature of the above estimation, the simulated and measured ionic currents appear to be in
very good agreement.

The three factors affecting the absolute value of the simulated ionic current are not
expected to influence the ordering of the simulated blockade currents. The missing part of
the MspA nanopore is relatively wide (~5 ns in diameter) and should not affect the DNA
sequence specificity of the ionic current blockades (see also Supplementary Figure 1). The
sequence specificity of the ionic current should neither depend on the bulk conductivity nor
on the access resistance. Taking the above three factors into account would be essential for
predicting the absolute value of the blockade ionic current; they are not required to reproduce

the ordering of the relative current blockades values.

16
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Supplementary Figure 7: Radial distribution function of water oxygens wversus
distance to DNA or protein atoms. The first peak of the distribution function corre-
sponds to water molecules located within the first solvation shell of the MspA protein or
DNA. In this study, we refer to water molecules from the first solvation shell of the protein
or DNA (located within 2.5 A of protein or DNA atoms) as structured water and all other
water molecules as bulk-like water.
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Supplementary Table 2: Correlation analysis of the ssDNA—-MspA MD trajecto-
ries. The table lists the Pearson’s correlation coefficients between the nanopore current I(t)
and the number of all water molecules in the constriction region of MspA, Ny (t) (colum 2) or
the number of bulk-like water molecules in the constriction region of MspA, Ny () (column
3). For each system, the correlation is stronger when only bulk-like water is considered in
the analysis. The analysis was performed on I(t), Ny (t) and Ny (t) timeseries composed
from 100-ns block-averages of the 100-ps sampled MD trajectories. Column 4 specifies a
power-law fit to the dependence of the nanopore currents I on the number of bulk-like wa-
ter molecules Ny, for each system considered. The dependence was assumed to have the
following form: I = 0.0057 * (N, — 9.1)%, where the numerical values were derived from
a power-law fit to all homopolymer data. The baseline value of 9.1 can be interpreted as
a minimum number of bulk-like water molecules required to allow ion passage through the
constriction. The duration of individual trajectories is listed in the last column of the table.

Correlation | Correlation X in Total length

System between between I =0.0057* | of the trajectory
I'and Ny, | I and Ny, | (N, —9.1)% (us)
5'-trans poly(dT) 0.71 0.82 1.62 30.0
5'-trans poly(dA) 0.57 0.70 1.61 18.4
5'-trans poly(dC) 0.83 0.90 1.62 8.8
3'-trans poly(dT) 0.37 0.56 1.63 21.4
3'-trans poly(dA) 0.78 0.88 1.75 6.4
3'-trans poly(dC) 0.76 0.87 1.62 21.1
5-trans TTTAAATTTTT 0.68 0.85 1.56 10.0
Average of 7 systems 0.67 0.80 1.63 16.6

18
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Supplementary Figure 8: Correlation analysis of the open pore MD trajectory.
(a) The ratio of instantaneous to average open pore current /I (red) and the number of
bulk-like water molecules in the MspA constriction Ny, (black) versus the simulation time
for the minimal MspA systems containing no DNA (the open pore system). Each data point
shows a 10-ns block average of the 100-ps sampled MD trajectory. (b) Pearson correlation
between [/Iy and Ny, within the same MD trajectory of the open pore system computed
using the specified block averaging of the raw (100-ps sampled) data. The correlation between
the number of bulk-like water molecules and the open pore ionic current is weak.
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Supplementary Note 3: Cylindrical model of ionic current blockades

In the cylindrical model of ionic current blockades, the presence of DNA in the MspA
constriction is described as a change of the effective cross-sectional area A of a cylinder of a
fixed height H, filled with electrolyte of ionic conductivity o. According to the Ohm’s law,
the current through a cylindrical resistor I = AU/ R, where AU is the potential difference at
the edges of the cylinder and R = H/(cA) is the resistance of the cylinder. The volume of
the cylinder V' linearly depends on the number of electrolyte molecules inside the cylinder:
V = Na?, where o is the volume of one molecule of the electrolyte (water in the case
of MspA constriction). Thus, the effective cross-sectional area of the cylinder A = V/H =
Na?/H. Substituting this expression for A into Ohm’s law gives: I = AU/R = cAUA/H =

ocAUNa?/H?, a linear dependence on N.

20
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Supplementary Figure 9: The origin of the 1/f noise in the simulated ionic cur-
rent recordings. (a,b) Power spectral density of the number of bulk-like water molecules
in the MspA constriction (panel a) and of the number of non-hydrogen atoms of DNA nu-
cleotides in the constriction (panel b) obtained from the simulations of the minimal MspA
system in the presence of DNA. The symbols show the block-average values of the respective

PSDs. The 1/f dependence of the PSDs develops in the same frequency range as that of the
ionic current PSD, Figure 1c of the main tex.
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Supplementary Figure 10: Microscopic mechanism of the ionic current blockades:
3'-trans homopolymer data. (a) lonic current versus the number of bulk-like water
molecules in the constriction of MspA for the 3'-trans DNA homopolymer systems. The
gray line shows a power-law fit to the data. Supplementary Table 2 lists parameters of
the fit for individual trajectories. All data points in panels a—d show 100-ns averages of
the 100-ps sampled data from the respective MD trajectories. (b) The number of bulk-
like water molecules versus the number of non-hydrogen DNA atoms in the constriction of
MspA. The gray line shows a linear fit to the data. (c, d) The ionic current versus the
number of non-hydrogen atoms of DNA nucleotides (panel ¢) or DNA bases (panel d) in
the constriction of MspA. The dotted lines are guides for the eyes. (e) The probability
of observing a given number of non-hydrogen atoms of DNA nucleotides (top) and a given
number of bulk-like water molecules (bottom) for the 3'-trans poly(dT) (right) and 3'-trans
poly(dC) systems. Vertical black lines indicate the mean values. The bottom panels show
the cumulative ionic currents as a function of Npya (left) and Ny, (right). The cumulative
ionic currents were computed by integration of the probability density functions weighted
by the mean ionic current in each bin. (f) The number of base stacks in the constriction
versus the number of bulk-like water molecules. Bins with fewer than five data points were
ignored. Error bars indicate standard deviation of data points in each bin. (g) Normalized
probability of observing a given number of base-stacked conformations among nucleotides in
the constriction of MspA.
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Supplementary Figure 11: MD simulation of the 5'-trans TTTAAATTTTT sys-
tem. (a) A sequence of snapshots illustrating the simulation of the mixed-sequence ssDNA—
MspA system. In each panel, a fragment of the MspA nanopore is shown in grey as a molec-
ular surface. The bases of DNA are shown using the molecular bonds representation; all
thymine bases are shown in cyan whereas the 4th, 5th, and 6th adenine base (counting from
the anchor point) is shown in red, blue, and orange, respectively. The DNA backbone is
shown in yellow using spheres; water and ions are not shown. (b) The blockade current
(red) and the number of bulk-like water molecules (black) in the MspA constriction versus
the simulation time for the minimal MspA systems containing the mixed-sequence DNA
strand. Each data point shows a 100-ns block average of the 100-ps sampled MD trajectory.
The Pearson’s correlation coefficient between I(t) and Npy(t) is 0.85. (c) The location of
the centers of mass of five DNA nucleotides versus simulation time. The color of the lines
that denote the locations of adenines corresponds to the color of nucleotides shown in panel
a. The z-coordinate is defined in panel a. The black dashed line indicates the location of the
middle plane of the MspA constriction (z = —11 A). (d) Tonic current versus the number of
bulk-like water molecules in the constriction of MspA for the mixed-sequence DNA system.
The gray line shows a power-law fit to the data. (e) The number of bulk-like water molecules
versus the number of non-hydrogen DNA atoms in the constriction of MspA. The gray line
shows a linear fit to the data. 23
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Supplementary Figure 12: Displacement of ssDNA correlates with the force on
the restraining anchor. (a) Schematic illustrating analysis of the MD trajectories. The
restraining force on the terminal nucleotide F' = k Az(t), where Az(t) is the displacement
of the anchor atom from its initial coordinate (at ¢ = 0) along the pore axis and k is the
spring constant of the restraining potential. Extension per nucleotide is computed as the
ratio of the extension of the DNA fragment located above the constriction along the pore
axis L,(t) to the number of nucleotides located above the constriction N(¢). The number of
nucleotides was computed by counting the number of backbone atoms above the constriction
and dividing that number by the number of backbone atoms in a single nucleotide. (b-g)
Scatter diagrams showing the correlation between the restraining force and the extension per
nucleotide for thymine (b,e), adenine (c,f) and cytosine (d,e) homopolymer systems having
either 5" (b-d) or 3’ (e-g) ends located at the trans side of the membrane. The Pearson's
correlation coefficient R between the restraining force and the extension per nucleotide are
given for each system in the corresponding plot. All the data points show 100-ns block
averages of the 100-ps sampled data of the respective MD trajectories.
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Supplementary Note 4: Analysis of the effective force on ssDNA in MspA

In the absence of screening, the force on a single nucleotide can be estimated as F, =
Eq, where F is the electric field and ¢ is the charge of the nucleotide (equal to the charge of
an electron). The electrostatic potential map of MspA in a lipid bilayer membrane reveals
that the drop of the transmembrane bias occurs over the ~1 nm-long constriction of the
nanopore, Supplementary Figure 2. The electric field in the constriction can be estimated
as % = 1.8-10® V/m. Multiplied by the charge of an electron e = 1.6 - 1071 C, the
force on a single nucleotide in the MspA constriction is 28.8 pN. At any given moment, 1 to
3 nucleotides are found in the constriction of the MspA, giving the unscreened force range
of ~30-90 pN.

Several screening mechanisms can lower the force on ssDNA in a nanopore: direct coun-
terion binding, electro-osmotic flow and DNA-pore interactions.'® Analysis of our MD tra-
jectories has shown no permanent (in excess of 10 ps) binding of ions to DNA in the MspA
constriction. In fact, the local electric field in the constriction of MspA is considerably
greater than the local electric field produced by a DNA phosphate at the closest distance of
approach of a hydrated ion r = 0.6 nm:? F,p0an = €/ (4meeer?) = 0.5 - 10° V/m, where
¢ = 80 is the dielectric constant of water and €y = 8.85-107'2 F/m is the electric constant.

The electro-osmotic flow is the dominant screening mechanism in the case of nanopores
that are six or more nanometers in diameter.??? For a 6 nm-diameter pore, the drag of
the electro-osmotic flow is estimated to effectively reduce the charge of a double-stranded
DNA by approximately 50%, with the additional 25% reduction coming from ions binding to
DNA.2523 The drag force of the electro-osmotic flow decreases with the pore diameter,?!??
increasing the effective force. In the case of MspA, the water flow is not negligible: the
average velocity of water molecules in the pore constriction is 0.1 nm/ns, Supplementary
Figure 13a,b. There is, however, no substantial correlation between the effective force on

the DNA and the water velocity or current, Supplementary Figure 13c,d. Given the very

small size of the nanopore in MspA (about 1 nm diameter) and the complex conformation of
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ssDNA in the constriction, it is not possible to put a precise estimate on the effective screening
contributed by the electro-osmotic flow. According to the data available for dsDNA in solid-
state nanopores, the electro-osmotic screening should not reduce the force of the electric
field on DNA by more than 50%. The reduction can be considerably smaller. Newton’s
relationship for the drag force Fyag = Ané predicts a sub-pN force from the electro-osmotic

flow, using A = 7-1 nm- 1 nm as the area of the DNA molecule in the constriction of MspA,

9 0.1 nm ns!

the dynamic viscosity of water n = 107 N s m~2, and the shear rate of

1 nm

The effect of direct DNA-nanopore interactions is difficult to ascertain quantitatively,
as different chemical groups at the surface of the protein exhibit different affinity to DNA.
Binding of the DNA phosphate groups to the amine groups of Asn90 and Asn91 residues
was found to have the highest correlation with the force on the anchor point, Supplementary
Fig. 14. When tethered by a harmonic potential to the anchor point, the DNA strand
undergoes large-amplitude collective motion through the MspA constriction, Figure 5b,c
of the main text. As DNA nucleotides pass through the constriction of the pore, their
phosphate groups (mostly the phosphates of the 5th and 6th nucleotides, counting from
the anchor point) bind to the amine groups of the asparagine side chains Asp90 and Asp91
that define the constriction of MspA (sixteen residues altogether). When unbound from the
asparagine residues, the 5th and 6th phosphate groups are located on average above and
below the constriction, respectively. Each of the phosphate groups can bind up to three
asparagine side chains simultaneously. The simultaneous binding of a phosphate group to
three asparagine side chains can produce a long-lasting (up to 2 microseconds) contact,
during which the phosphate group can change its binding partners. The high-tension states
observed in our simulations correlate with prolonged binding of the 5th phosphate group to
the ring of Asn90/Asn91 residues, Supplementary Fig. 14.

The effective force on ssDNA in MspA was measured in MD simulations performed using
a reduced-length model of MspA and periodic boundary conditions. As detailed in Supple-

mentary Note 2, the reduced-length model did not include the resistive elements associated
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with the access resistance of the solution. Thus, in comparison to the experimental system,
the transmembrane bias drops over a shorter distance in our reduced-length MspA systems,
producing a higher electric field in the MspA constriction. As a result, the effective force
measured in our MD simulations of reduced-length MspA systems could be overestimated
by up to 30%. The values of the force reported in Figure 5d and Supplementary Figures 12,
13 and 14 are not corrected to account for the missing resistive elements and could be up to
30% smaller in the experimental system under the same transmembrane bias.

The stall force of the phi29 DNA polymerase—the polymerase used in nanopore experi-
ments with MspA and in our study—is 37 pN,?* which is well within the range of the forces
that we find from our all-atom MD simulations. To achieve the best resolution of the DNA se-
quence during a nanopore measurement, it may be tempting to operate the DNA polymerase
in the synthesis mode at transmembrane biases that nearly stall the polymerase: the high
force on DNA reduces the rate the nucleotides are incorporated in the growing DNA strand,
increasing accuracy of the ionic current determination. The presence of high-amplitude
force fluctuations would, however, raise the probability of DNA polymerase backstepping,

increasing the rate of insertion errors.
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Supplementary Figure 13: Electro-osmotic effect. (a,b) Velocity (a) and current (b)
of water molecules in the constriction of MspA during the MD simulation of the 5'-trans
poly(dT) system. The force on the anchor atom is shown for comparison. To determine
the instantaneous velocity and the instantaneous current, the flux (current per unit area)
and the density of water oxygen atoms were computed in a volume containing the MspA
constriction, |z| <5 A, |y| <5 A and —15 < z < —7, using a previously described method. 2
The instantaneous water velocity was obtained by dividing the z component of the water
flux by the water density; the instantaneous current was obtained by multiplying the z
component of the water flux by the z — y cross section of the volume (1 nm?). Data shown
in panels a and b represent 100 ns averages of the instantaneous (100 ps-sampled) velocity
and current values. (c,d) Scatter plots of the water velocity (c¢) and water current (d) with
respect to the force on the anchor atom. Each data point represents a 100 ns average of
100 ps-sampled data.
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Supplementary Figure 14: Transient binding of DNA phosphates to
Asn90/Asn91 residues stabilizes high-tension states. (a) A microscopic configu-
ration of the 3'-trans poly(dC) system in one of the high-tension states. A fragment of the
MspA nanopore is shown in grey as a molecular surface; the DNA strand is shown in yellow
using the molecular bonds representation; water and ions are not shown. The blue and red
spheres indicate the locations of the nitrogen atoms of the asparagine amine groups and the
phosphorus atoms of DNA, P, respectively. In our coordinate system, the amine groups of
the Asn90/Asn91 residues are located within the —12 < z < —10 A interval. In the con-
formation shown, the phosphate group of the 5th nucleotide from the anchor atom makes
simultaneous contacts with three amine groups of the Asn90/Asn91 ring. This particular
configuration corresponds to a state observed after 4 us from the beginning of the simula-
tion. (b) The location of the phosphorus atom of the 5th and 6th nucleotide (counting from
the anchor atom) during the MD simulation of the 3'-trans poly(dC) system sampled every
10 ns. The grey box indicates the location of the ring of the Asn90/Asn91 amine groups. (c)
Measured tension in the DNA strand, same as shown in Figure 3d of the main text. (d) The
number of simultaneous contacts formed by the phosphate group of the 5th (top) or the 6th
(bottom) DNA nucleotide with the amine groups of the Asn90 and Asn91 residues during
the MD simulation of the 3'-trans poly(dC) system. To count as a contact, the distance
between the phosphorus atom of a nucleotide and the nitrogen atom of an amine group must
be shorter than 5 A. The number of contacts formed by the 5th nucleotide anti-correlates
with the number of contacts formed by the 6th nucleotide and correlates with the transient
increase of the effective force, panel c. (e—g) Same as in panels b, ¢ and d, plotted for
the 5'-trans poly(dT) system. (h—j) Same as in panels b, ¢ and d, plotted for the 3'-trans
poly(dA) system. The average z coordinate of 5th nucleotide’s phosphorous atom in the 3'-
trans poly(dC), 5'-trans poly(dT) and 3'-trans poly(dA) system is —7.2, —7.0, and —8.1 A,
respectively. 29



Supplementary Movie 1: Molecular dynamics simulation of the full-length MspA-DNA—
phi29 polymerase system under a 180 mV bias. The MspA nanopore is shown as a green
molecular surface cut-away to reveal a template DNA strand threaded with its 5'-end through
the MspA constriction and its 3’-end through the phi29 polymerase (semitransparent blue
molecular surface). A DNA strand complementary to the template strand forms a DNA
duplex between the active site of the DNA polymerase and the 3’ end of the template
strand. The MspA nanopore is embedded in a POPC bilayer (purple). Water and ions are
not shown. During the course of this 130-ns simulation, the polymerase and the duplex part
of the DNA rotate about the axis of the pore by more than 90°. Such large scale motion of
the polymerase did not have a measurable effect on the conformation of the template strand
in the MspA constriction.
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Supplementary Movie 2: Molecular dynamics simulation of the 5'-trans poly(dT) system.
The reduced-length MspA nanopore is shown as a cut-away green molecular surface, the
backbone of the DNA fragment is shown as yellow spheres, and the DNA bases are shown in
blue; the lipid bilayer is shown as purple lines and spheres. Water and ions are not shown.
The uppermost nucleotide of the DNA strand is harmonically restrained, which mimics the
action of a DNA polymerase. This animation illustrates a 9.77 us fragment of the all-atom
trajectory obtained under a 180 mV transmembrane bias.
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Supplementary Movie 3: Molecular dynamics simulation of the 5'-trans poly(dC) system.
The reduced-length MspA nanopore is shown as a cut-away green molecular surface, the
backbone of the DNA fragment is shown as yellow spheres, and the DNA bases are shown in
purple; the lipid bilayer is shown as purple lines and spheres. Water and ions are not shown.
The uppermost nucleotide of the DNA strand is harmonically restrained, which mimics the
action of a DNA polymerase. This animation illustrates a 8.77 us fragment of the all-atom
trajectory obtained under a 180 mV transmembrane bias.
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Supplementary Movie 4: Molecular dynamics simulation of the 5'-trans poly(dA) system.
The reduced-length MspA nanopore is shown as a cut-away green molecular surface, the
backbone of the DNA fragment is shown as yellow spheres, and the DNA bases are shown
in red; the lipid bilayer is shown as purple lines and spheres. Water and ions are not shown.
The uppermost nucleotide of the DNA strand is harmonically restrained, which mimics the
action of a DNA polymerase. This animation illustrates a 8.46 us fragment of the all-atom
trajectory obtained under a 180 mV transmembrane bias.
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Supplementary Movie 5: Molecular dynamics simulation of the 3'-trans poly(dT) system.
The reduced-length MspA nanopore is shown as a cut-away green molecular surface, the
backbone of the DNA fragment is shown as yellow spheres, and the DNA bases are shown in
blue; the lipid bilayer is shown as purple lines and spheres. Water and ions are not shown.
The uppermost nucleotide of the DNA strand is harmonically restrained, which mimics the
action of a DNA polymerase. This animation illustrates a 6.41 us fragment of the all-atom
trajectory obtained under a 180 mV transmembrane bias.
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Supplementary Movie 6: Molecular dynamics simulation of the 3'-trans poly(dC) system.
The reduced-length MspA nanopore is shown as a cut-away green molecular surface, the
backbone of the DNA fragment is shown as yellow spheres, and the DNA bases are shown in
purple; the lipid bilayer is shown as purple lines and spheres. Water and ions are not shown.
The uppermost nucleotide of the DNA strand is harmonically restrained, which mimics the
action of a DNA polymerase. This animation illustrates a 5.76 us fragment of the all-atom
trajectory obtained under a 180 mV transmembrane bias
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Supplementary Movie 7: Molecular dynamics simulation of the 3'-trans poly(dA) system.
The reduced-length MspA nanopore is shown as a cut-away green molecular surface, the
backbone of the DNA fragment is shown as yellow spheres, and the DNA bases are shown
in red; the lipid bilayer is shown as purple lines and spheres. Water and ions are not shown.
The uppermost nucleotide of the DNA strand is harmonically restrained, which mimics
the action of a DNA polymerase. This animation illustrates a 6.41 us all-atom trajectory
obtained under a 180 mV transmembrane bias.
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Supplementary Movie 8: Microscopic mechanism of ion passage through the MspA con-
striction. This animation illustrates a short (3 ns) fragment of the 5'-trans poly(dT) trajec-
tory. The instantaneous coordinates of the system were recorded every 5 ps for this fragment
of the trajectory. The reduced-length MspA channel is shown as a cut-away green molecu-
lar surface, the DNA fragment is shown in blue, the lipid bilayer in purple, and potassium
and chloride ions as yellow and cyan spheres, respectively. Structural and bulk-like water
molecules are shown as semitransparent blue and light grey spheres, respectively. Structural
water molecules are defined as those located within 2.5 A of any protein or DNA atom.
Flickering of the water molecules at the periphery of the simulation system is produced by
water molecules moving in and out of the volume visualized in this animation.
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