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Abstract

The protein nanopore Mycobacteria smegmatis porin A (MspA), can be used to sense individual
nucleotides within DNA, potentially enabling a technique known as nanopore sequencing. In this
technique, single stranded DNA electrophoretically moves through the nanopore and results in an
ionic current that is nucleotide-specific. However, with a high transport velocity of the DNA
within the nanopore, the ionic current cannot be used to distinguish signals within noise. Through
extensive (~100 ps in total) all-atom molecular dynamics simulations, we examine the effect of
positively charged residues on DNA translocation rate and the ionic current blockades in MspA.
Simulation of several arginine mutations show a ~10-30 fold reduction of DNA translocation
speed without eliminating the nucleotide induced current blockages. Comparison of our results
with similar engineering efforts on a different nanopore (alpha-hemolysin) reveals a non-trivial
effect of nanopore geometry on the ionic current blockades in mutant nanopores.
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Nanopores have emerged as versatile research tools for single molecule detection and
analysis.! One of the most prominent applications of nanopores is rapid, label-free, and real-
time sequencing of DNA.2 In the original concept of nanopore sequencing,’ single stranded
DNA (ssDNA) is electrophoretically driven through a nanopore. Inside the nanopore, DNA
nucleotides uniquely modify the co-passing ionic current, yielding an ionic current trace that
contains information about the DNA sequence. With a number of recent advances in both
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biological and solid-state nanopores, nanopore sequencing of DNA is becoming more of a
reality.?

The most common nanopores used for DNA transport measurements are naturally occurring
or genetically engineered proteins alpha-hemolysin (aHL)* and Mycobacteria smegmatis
porin A (MspA)3 and solid-state nanopores made in thin silicon nitride®3 or graphene®-!1
membranes. In the case of MspA, experimental studies using immobilized DNA strands
have already demonstrated the possibility of distinguishing all four DNA nucleotides via
ionic current measurement!2-14 and detection of single nucleotides in a random sequence
background.'# Nanopores have also been used to detect RNA,!5-17 epigenetic modifications
such as methylated cytosine and 8-oxoguanidine!418-19 and DNA damage.!?

A common problem with using nanopores for single molecule analysis of DNA is the speed
of the analyte through a nanopore. The average speed of DNA transport in free translocation
experiments typically exceeds 1 nucleotide per microsecond, which is too high to detect the
local structure or sequence of the transported DNA via ionic current measurement.
Consequently, a number of techniques have been proposed to reduce and control the speed
of DNA transport through nanopores.2% 21 Simple techniques, such as increasing the buffer
viscosity or decreasing temperature can reduce the translocation speed?2-2 but also reduce
the ionic current signal as the ion mobility also decreases. More complex techniques such as
coupling the nanopore with processive enzymes that sequentially displace DNAZ26- 27
through a nanopore have shown to be successful, but require specific conditions to keep the
DNA processing enzymes operational. Yet another approach is to modify the nanopore
surface by attaching complementary DNA sequences23, modifying the DNA analyte,!3- 2
changing the charge state of the nanopore39 or using the steric confinement of a nanopore to
arrest DNA motion.3!

In this article, we report extensive all-atom molecular dynamics (MD) simulations that
assessed the feasibility of slowing DNA transport through modified MspA nanopores and
using such nanopores for analysis of nucleic acids. We chose to focus our efforts on MspA,
as this nanopore has features32 sufficiently small to enable detection of individual DNA
nucleotides by measuring ionic current.!- 14 Our baseline system is the MspA nanopore,
denoted M1-NNN, which was previously used to demonstrate nucleotide-specific ionic
current blockades. The constriction of this nanopore already contains asparagine
substitutions at positions 90, 91 and 93 in all chains of the octomer. We hypothesize that
additional positively charged arginine substitutions near the constriction of MspA can
reduce the speed of DNA transport while preserving the nucleotide-type specificity of the
ionic current blockades.

Results and discussion

To determine the effect of arginine mutations on the transport rate of ssDNA through MspA,
we constructed all-atom models of the MspA nanopore, embedded in a lipid bilayer
membrane and submerged in 1 M KClI electrolyte. Figures 1a shows one such system
featuring a full-length MspA nanopore and a 58-nucleotide DNA strand threaded through it
using the phantom nanopore method.33 Using the all-atom molecular dynamics method,3*
we simulated electric-field driven transport of the DNA strand through several variants of
the MspA nanopore. Short (<100 ns in duration) exploratory simulations performed under a
1.2 V transmembrane bias3> revealed transient arrests of ssDNA transport as multiple salt-
bridges formed between the phosphate groups of the DNA backbone and the amine groups
of arginine substitutions of leucine 88 residues of the L§8R MspA nanopore, see Supporting
Information Figure S1. However, the high bias used in these simulations prevented the effect
of arginine substitutions to fully develop as the energy gain from transporting one nucleotide
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through the constriction of MspA (~1.2 eV or 46 kgT) is considerably greater than a typical
energy of an ionic salt bridge in water (~ 5 kgT). Furthermore, applying a 1.2 V bias in
experiment is known to render the bilayer unstable on the experimental time scale.

To observe multiple, microsecond duration trajectories of ssDNA transport through MspA
nanopores at the experimental bias of 180 mV, we used an ensemble of sixteen reduced-
length MspA systems, each having different starting conformation of a DNA strand in the
nanopore. Each simulation system contained a single copy of a reduced MspA nanopore
(residues 75 to 120), a poly(dC) strand containing from 13 to 21 nucleotides (depending on
the system) and connected to itself vza periodic boundary conditions, a patch of a lipid
bilayer membrane containing about 60 lipid molecules and 1M KCI solution. Figure 1-c
shows one such reduced-length MspA system; all sixteen systems are shown in the
Supporting Information Figure S2. To prevent structural deterioration of the truncated
nanopore, all C, atoms of the protein were restrained to their crystallographic coordinates.
Our 200-ns simulations of full-length and reduced-length MspA systems revealed very
similar electrostatic potential distributions in the nanopore constriction at a 180mV bias, a
bias typically used in experiment.

Figure 1-d and 1-e illustrate a typical simulation of a reduced-length M1 MspA system. In
that particular trajectory, approximately 33 nucleotides passed through the nanopore
constriction in 750 ns, which is consistent with the experimental estimates!? of the
nucleotide transport rate. The translocation proceeds in bursts, where long pauses follow
rapid advancements, similar to transport observed in aHL.3¢ The ionic current computed for
the same trajectory (Figure 1-e) exhibits large fluctuations and no apparent correlation with
the DNA transport rate. An animation provided in the Supporting Information illustrates this
trajectory.

Figure 2 shows the number of nucleotides transported through the constriction of MspA
versus simulation time for the ensemble of 16 simulation systems and four MspA variants:
the baseline M1-NNN nanopore, single arginine mutant L8ER-NNN, and two triple arginine
mutants L88R/T83R/S116R-NNN and L88ER/A96R/S116R-NNN. The location of the
arginine substitutions is shown in Figures 2-b, c, and d. Due to the octomeric architecture of
MspA, the total number of arginine residues is 8 in LSR-NNN and 24 in the triple mutant
nanopores. Within ~14 s of aggregate simulation time, ~250 nucleotides were observed to
pass through the constriction of M1-MspA, against 45 nucleotides observed to pass through
the L88R-NNN nanopore within ~12 ps. A linear fit to the cumulative permeation traces
suggests a 5-fold reduction of the permeation rate through L8ER-NNN nanopore in
comparison to M1-NNN MspA. A closer inspection of the trajectories reveals that the
permeation rates are not constant for the LESR-NNN nanopore: the nucleotides appear to
move faster at the beginning of the individual patches than at the end, as formation of DNA-
Arg contacts does not occur instantaneously. Furthermore, even after the contacts are
formed, DNA can still be displaced by several nucleotides through the constriction of MspA
before the effect DNA-Arg contacts becomes apparent.

In Figure 3, we plot the nucleotide translocation rate averaged over 16 different systems as a
function of the time elapsed from the beginning of the simulations. The average transport
rate through the M1-NNN MspA nanopore gradually decreases with time and is
approximately 20£5 nucleotides/pLs. A linear fit to the cumulative trace in Figure 2-a yields
a similar value. In contrast, the average permeation rate for the LS§R-NNN mutant is clearly
higher within the first 200 ns of the trajectories than within the last 450 ns. Excluding the
initial 300 ns, the average permeation rate is about 0.7+0.4 nucleotides/ps. Thus, our MD
simulations suggest that LSSR-NNN mutation can reduce the transport velocity of ssDNA
through MspA by at least 20-30-fold, compared to M1-NNN MspA.
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Our simulations of the triple mutants suggest the possibility of reducing the DNA
translocation velocity even further. Although the total number of nucleotides transported
through triple mutants in our ensemble simulations (Figures 2g and 2f) appears to be similar
to that observed for the LS§R-NNN mutant, the permeation rates (Figure 3-a, inset) drop to
zero as the simulation progresses. The trajectories of the two triple mutants were shorter
than those of the L8SER-NNN mutant and the permeation rates did not reach a steady value.
Unable to accurately determine the steady-state transport rate from ensemble simulations,
we continued one of the L8ER/T83R/S116R-NNN trajectories for additional 4 s using
DESRES supercomputer Anton37 The transport rate obtained from this continuous 4-ps
trajectory was close to zero (—0.4 + 0.6 nucleotides/Ls), which indicates a reduction of the
DNA transport rate in comparison with an ensemble-average rate of the L§8R mutant. An
animation provided in the supporting information illustrates the 4-pLs trajectory.

In Figure 3-b, we plot the ensemble average of the number of persistent contacts between
the DNA and the arginine residues versus the simulation time. Here, a persistent contact is
defined to exist between a nucleotide and an arginine residue if the non-hydrogen atoms of
the nucleotide reside within a cutoff of 4 A of the non-hydrogen atoms of the same arginine
residue for at least 80% time within 10 ns. For all three mutant nanopores, the number of
DNA-arginine contacts increases steeply in the initial 150 ns before reaching an
approximately steady-state value, which correlates with the observed reduction of the DNA
transport rate, Figure 3-a. For the LS8R-NNN nanopore, the number of contacts continues to
increase throughout the trajectory at a smaller rate. The L§8R/T83R/S116R-NNN mutant
formed the highest steady-state number of contacts (~7), the LSSR/A96R/S116R-NNN
nanopore had about 6 while the L88R-NNN mutant had the least number of contacts (~2-3).
A scatter diagram of the number of persistent contacts versus the DNA transport rate,
Supporting Information Figure S3, indicates that a higher number of persistent contacts
correlates with a smaller rate of DNA transport.

In view of the larger number of contacts formed, the L§8R/T83/S116R-NNN is likely to be
more effective than the other mutants studied in controlling the translocation of the DNA.
Figure S4 in the supporting material shows the number of contacts for each of the mutated
residues in the two triple mutant nanopores. Residues R116 are seen to be the most effective
in both cases, forming between 2 and 3 contacts with the DNA. Residues R83 are the second
most effective, forming ~2 contacts. R88 and R96 residues are seen to form fewer than two
contacts with the DNA.

The anticipated effect of arginine mutations was electrostatic attraction between positively
charged amine groups and negatively charged DNA backbone. Surprisingly, visual
inspection of the MD trajectories revealed two types of persistent DNA-arginine contacts.
As expected, phosphate groups of the DNA backbone formed salt bridges with the amine
groups of arginine residues, as shown in Figure 3-c. The second type of persistent contact
involved stacking of the cytosine base with the arginine side chain, as shown in Figure 3-d.
This type of contact is similar to the stacking observed in the crystal structure of the human
protein UTA bound to RNA.3® Supporting Information Figure S5 displays the number of
salt-bridge and stacking-type contacts for the three mutant nanopores. The L§§R/A96R/
S116R-NNN nanopore is seen to form a greater number of stacking-type contacts (~3) than
salt bridges (~2). For the L8SR-NNN and M1L88R/T83R/S116R mutants, the stacking and
salt bridge contacts are almost equally prevalent (~1 for the LS§R-NNN and ~3 for the
L88R/T83R/S116R-NNN mutants respectively).

Recent experimental3? and computational®® studies systematically examined the effect of
arginine mutations on the DNA transport rate and ionic current blockades in aHL. In the
experiments with aHL, the residual current was ~0 pA when the arginine substitutions were
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in the stem of aHL, rendering the nanopores less suitable for DNA sequence detection. In
our simulations of MspA mutants, we find ionic current blockades in the modified MspA to
retain sensitivity to the sequence of DNA strands threaded through the nanopore’s
constriction.

To investigate the effect of arginine substitutions on ionic current blockades in both MspA
and aHL nanopores, we computed the residual ionic current from our ensemble simulations
of M1-NNN and arginine mutants of the MspA nanopore. For comparison, we performed
two 150-ns simulations of ionic current blockades in wild-type and triple-mutant a HL
nanopores (Figure 4), using previously reported computational models.33-3¢ For MspA we
find the residual current for M1 to be 127 + 8 pA and for L88R to be 120 + 6 pA. These
values are indistinguishable within the statistical uncertainties. Here and in the rest of the
manuscript, the standard error was computed using current values block-averaged over 100
ns and the 16 independent trajectories. The average currents through triple mutants were
identifiably greater with currents of 164 + 13 pA for L§8R/T83R/S116R-NNN and 205 £15
pA for L8SR/A96R/S116R-NNN. The simulated blockade currents are systematically higher
than those measured experimentally using NeutrAvidin anchors!2-14 as the outer rim of the
MspA nanopore are absent in our reduced-length systems. In terms of percentage of the
open nanopore currents, the average simulated blockade current is 13.8+1.2% for the M1-
NNN nanopore, 13.2 £0.9 % for the L88R, 19.2+1.9% for the L88R/T83R/S116R and
23.8+1.8 % for the L88R/A96R/S116R mutations. Figure 4c shows the distributions of the
blockade currents for M1 and L88R/A96R/S116R nanopores. Thus, the residual current
through triple mutant MspA nanopore is almost twice the value of the M1 nanopore. Figure
4-d shows similar data for our simulations of aHL with three arginine substitutions resulting
in 21 additional positive charges. In the case of aHL, triple arginine substitutions
completely block the nanopore current. Thus, the arginine substitutions have opposite effect
on the residual current in aHL and MspA, which, as we show below, originates from the
difference in the shape of the two nanopores.

For both M1 MspA and WT aHL nanopores, a negatively charged DNA backbone inside
the nanopores ensures that the total ionic current is primarily carried by potassium ions
(87% of total current in MspA and >90% of total current in aHL). With the additional
positive charges in the triple arginine a HL mutant, the current of K+ drops to zero while the
current of C1~ remains at the same (negligible) level (Figure 4-b). In contrast, both K* and
CI™ currents increase when positively charged arginine side chains are introduced near the
constriction of MspA (Figure 4-a). The change in the ion density in both nanopores (Figures
4-e,f) reveals the microscopic effect of the positive charges. For aHL, the arginine
substitutions deplete K+ ions in the stem of the channel and do not considerably affect the
distribution of CI~ (Figure 4-e). However, for MspA, the arginine substitutions considerably
increase C1~ concentration in the vestibule of MspA without altering the density of K* near
the frans entrance of the nanopore. The difference in the effects arises from the shape of the
channels. The stem of aHL is so narrow that the negatively charged backbone of DNA
serves as a poly-counterion to the positively charged side chain of the substitutions and vice
versa, excluding ions. In contrast, the vestibule of MspA is considerably wider than the
Debye length at 1M KCI, which allows arginine side chains at one side of the channel to
interact with DNA, while the remaining side chains to attract Cl- ions. The open geometry
combined with the arginine substitutions allows an increase in the overall concentration of
charge carriers in the channel, thereby increasing the residual current.

To demonstrate that arginine mutations in MspA do not eliminate the nucleotide sensitivity
of ionic current blockades, we repeated our ensemble simulations of the M1, L88R and the
two triple mutant nanopores using thymine homopolymers. Similar to the poly(dC) systems,
we observed reduction of ssDNA translocation velocity in the poly(dT) systems, Figure S6.
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The average currents recorded for poly(dC) and poly(dT) strands and the four MspA
systems are specified in Table 1. In the case of M1 MspA, the ensemble-average current of
the poly(dT) systems is considerably greater than that of poly(dC), in agreement with
experiment!4. Similar currents are recorded in the case of M1 L88R mutant. Rather
surprisingly, the blockade current difference between poly(dT) and poly(dC) systems in the
triple arginine mutants differs from those in the M1 and M1 L88R systems. In the case of
L88R/A83R/S116R, the current blockade difference is within the statistical error, however,
in the case of L8SR/A96R/S116R, the ensemble-average current of the poly(dC) systems is
considerably greater than that of the poly(dT) systems, opposite to what is observed in M1
MspA. Such a reversal of the blockade current difference cannot be directly linked to the
increased current of chloride ions, as the fractional currents carried by ionic species are
similar for the two DNA sequences.

In general, the charge state of a nanopore can have a non-trivial effect on the overall
transport rate of a charged analyte. Thus, introducing negatively charged side chains in the
lumen of alpha-hemolysin was shown to both catalyze the transport of short positively
charged peptides 3 and slow the transport of longer positively charged polypeptides.*°
Hence our arginine mutations to MspA may both increase the DNA capture!? and slow the
DNA transport.

Conclusions

In this study, we performed extensive (~100 ps in total) all-atom MD simulations to
investigate electric field-driven transport of single DNA strands and ions through biological
nanopore MspA containing arginine mutations. In nanopores decorated with the positive
charges above the constriction, persistent contacts between the arginine substitution and
DNA backbone, or by base-stacking interactions, could slow the DNA translocation by a
factor 10-30. Because of MspA’s geometry, the charge substitutions did not eliminate
nucleotide-specific current. These results reveal the importance of nanopore geometry and
charge location and may help direct the modification of nanopores such as MspA to improve
their utility for nanopore sequencing and other nanopore technologies. Furthermore, our
simulations demonstrate that precise placement of arginine mutations can have a non-trivial
effect*® on the sequence specificity of the ionic current blockades.

METHODS
General MD Methods

The MD simulations were carried out using program NAMD2# on Cray XT-5 machines or
using D.E. Shaw Research’ special purpose Anton supercomputer.3’ All simulations
employed periodic boundary conditions and multiple timestepping*!- 42 wherein local
interactions were calculated every 2 fs time step and full electrostatic evaluations were
performed every 3 time steps. NAMD simulations employed the particle mesh Ewald
method for evaluation of long-range electrostatics.*!- 42 Simulations on Anton were
performed using the Nose’-Hoover NVT integrator with a k-Gaussian Split Ewald method*3
for long-range electrostatics. The CHARMM274* parameter set, along with TIP3P*> water
model were used in all simulations. All covalent bonds involving hydrogen were kept rigid
in water and other molecules using SETTLE* or RATTLE*’ algorithms. The cutoff and
switching distance for evaluation of van der Waals and short-range electrostatic interactions
were set to 8 and 7 A, respectively.*8: 49

After a 2000 step minimization, each systems was equilibrated using NAMD for at least 2 ns
in the NPT ensemble using Nose’-Hoover Langevin piston pressure control® at 295 K with
no external electric field applied. Following equilibration, all NAMD simulations were
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performed in the NVT ensemble using the Lowe Andersen thermostat>! with a voltage bias
of 180 mV imposed across the membrane as described in.3* 3 In all simulations, harmonic
restraints with a spring constant of 695 pN/nm applied to all Ca atoms of the protein,
restraining them to the crystallographic coordinates. Additional simulations were carried out
on Anton to obtain a continuous 4-pLs long trajectory of ssSDNA transport through the
truncated L§8R-NNN/T83R/S116R nanopore, our trajectories each of 400 ns for the M1
L88R nanopore and nine trajectories for the M1 nanopore varying between 200 and 360 ns.
Each Anton simulation was a continuation of the corresponding NAMD trajectory and
employed the same force fields and constraints.

Simulation Setup

Full-length MspA—Atomic coordinates of the MspA porin were obtained from the
Protein Data Bank (entry IUUN)?. Eight R96 residues resolved in the crystal structure were
changed to alanines in accord with the sequence of WT MspA. 24 aspartate residues in the
constriction of the porin were replaced by asparagines to create the D20N/D91N/D93N
mutant referred to as M1-NNN MspA. The resulting structure was merged with a 12x12
nm?2 patch of POPC lipid bilayer such that the hydrophobic pB-barrel of MspA embedded in
the bilayer while its hydrophilic cap protruded above the membrane. All lipid molecules
overlapping with the nanopore were removed; the remaining bilayer contained 272 lipid
molecules. Using the phantom nanopore method,33 a 58 -nucleotide random sequence DNA
strand was placed inside the nanopore of MspA with the backbone approximately aligned
with the nanopore axis and the 3" end of the strand emerging at the #rans end of the
nanopore. The system was immersed in ~35,000 pre-equilibrated TIP3P water molecules.
K* and C1™ ions were added at random positions in the water layers corresponding to a
concentration of 1 M. Additional K* ions were added to compensate the charge of the MspA
nanopore and the DNA fragment, bringing the total charge of the final system to zero. The
final system, shown in Figure 1-a, consisted of ~167,000 atoms and measured 12 nm x 12
nm x 17 nm.

Reduced-length MspA—The minimal model of the MspA nanopore was constructed by
eliminating the vestibule part of MspA that extended away from the lipid membrane on the
cis side in our full-length model (Figure 1a—c). The reduced nanopore contained residues 75
to 120. An 8 nm x 8 nm patch POPC bilayer containing 60 lipid molecules was merged with
the truncated nanopore. An ensemble of sixteen systems, each differing in the initial
conformation of the DNA, was created. The sixteen different DNA configurations were
obtained from a ~110-ns trajectory of full-length MspA at a 1.2~V transmembrane bias.
Each DNA/protein/lipid system was solvated in a volume of pre-equilibrated TIP3P water
containing about 3800 molecules. DNA segments that extended outside the water box were
deleted, the nucleotide sequence of the DNA strand was changed to comprise a cytosine (or
thymine) homopolymer. Kt and Cl~ ions were added at random positions to 1 M
concentration and bring the total charge of each system to zero. Following usual
minimization and equilibration protocol, the ends of each DNA strand were brought together
(across the periodic boundary) in a 240 ps SMD simulation.? Subsequently, the ends were
covalently joined via a custom patch to create an effectively infinite DNA strand joined
through periodic boundary conditions. The electrostatic profiles in full-length and reduced
MspA systems, Figure 1-b, appear to be very similar, and so are the forces applied to DNA
and ions, which validates our reduced nanopore approach.

In addition to M1-NNN MspA nanopore, the following three additional variations were
constructed: a single mutant LESR-NNN, with all LEU88 replaced by arginines, and two
triple mutants L88R/T83R/S116R-NNN and L8ER/A96R/S116R-NNN where all LEUSS,
THRS83, SER 116 or LEU88, ALA96, SER116 were replaced by arginines. Figure 2(b—d)
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illustrates the location of the mutations. Each reduced system consisted of about 28,000
atoms. Using custom scripts, all sixteen systems of the ensemble could be simulated in
parallel on an XT-5 system, producing ~1 ps of aggregate simulation time within 24 hours.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

MD simulations of ssDNA transport through MspA. (a) Cut-away view of a full-length
MspA system. The MspA nanopore is shown as a teal molecular surface, the POPC lipid
bilayer is shown as purple lines, the backbone of a DNA strand threaded through the
nanopore is shown as ochre spheres, the DNA bases are shown as thick magenta lines. K*
and CI™ ions within a representative 1-nm-thick cross section of the system are shown as red
and lemon yellow spheres, respectively. Water is not shown. The locations of the cis and
trans sides are specified in the image. (b) Average electrostatic potentials along the
symmetry axis of the MspA nanopores at a transmembrane bias of 180 mV. The electrostatic
profiles were computed from all-atm MD simulation of open (no DNA) MspA nanopores. In
panels a and c, the z axis points normal to the plane of the lipid bilayer. The background
image of the nanopore faithfully aligns with the profiles of the electrostatic potential. (c)
Cut-away view of a reduced MspA system. In the reduced-MspA system, the DNA strand is
covalently joined to itself across the periodic boundary, forming an effectively infinite DNA
strand. The coloring scheme is the same as in panel (a). (d) The number of cytosine
nucleotides translocated through the constriction of the M1 MspA in a typical MD trajectory
performed at 180 mV bias. (e) The ionic current trace for the MD trajectory featured in
panel (d), sampled at 10 ns.
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Figure 2.

Ensemble simulation of ssDNA transport through mutant variants of MspA. The number of
nucleotides translocated through the constriction of MspA at a 180 mV bias is plotted as a
function of time for 16 independent systems in the case of (a) M1, (e) M1 L88R, (f) M1
L88R/A96R/S116R and (g) M1 L88R/T83R/S116R variants of the MspA nanopore and
cytosine homopolymers. Each trace is shown in two colors, red and black, indicating
multiple trajectories (differing in their initial DNA conformation) that were added
consecutively to produce the total permeation trace. In panel (g), the last 4-pLs trace
corresponds to a single MD trajectory (blue). Panels (b), (c) and (d) show the locations of
the arginine residues (blue vdW spheres). The backbone of the DNA strand is shown as
yellow spheres with the DNA bases depicted by thick magenta lines.
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Figure 3.

Simulated effect of arginine mutations on DNA transport rate. (a) Averaged over 16
independent trajectories, the transport rate of cytosine homopolymers is plotted versus the
simulation time for M1 and M1 L88R nanopores. The error bars represent the standard
deviation of the mean. The inset shows the average permeation rates for triple mutants M1
L88R/T83R/S116R and M1 L88R/A96R/S116R. A break marked by ‘//’ indicates a
switchover between linear and logarithmic scales. (b) The number of persistent contacts
between the DNA and the arginine residues as a function of simulation time, averaged over
16 independent trajectories. To count as a persistent contact, non-hydrogen atoms of the
same DNA nucleotide must reside within 4 A of the same arginine residue for 10 ns at least
80% of the time. The inset shows the corresponding plot for the single 4-microsecond
trajectory of the M1 L88R/T83R/S116R system. (c—d) Cut away view of the M1 L8R/
T83R/S116R nanopore showing contacts between (c) a phosphate group of the DNA
backbone and an arginine residue and (d) a cytosine base and an arginine residue. The DNA
backbone and bases are shown as vdW spheres and bonds, respectively; the MspA protein is
shows as a semitransparent surface; the arginine residues are shown in all-atom detail.
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Figure 4.

The effect of arginine mutations on the ionic current. (a, b) Cut-away view of the MspA (a)
and aHL (b) nanopores containing a DNA strand. The locations of arginine substitutions are
indicated by horizontal blue arrows. Simulated values of the K* and C1~ currents at a 180
mV (MspA) or 240 mV (aHL) bias are specified in the figure. (c, d) Histograms of ionic
current obtained from ensemble simulations of the MspA nanopores (c) and single
trajectories of the aHL systems (d). The overlap of the two histograms is shown in purple.
The histograms were constructed using 100 (MspA) and 1 (aHL) ns averages of
instantaneous current. (e, f) Local concentration of K* and CI~ ions along the symmetry axis
of the MspA (e) and aHL (f) nanopores. The blue bars indicate the location of the arginine
residues in the nanopores; the z coordinate is defined in panels a and b. The local ion
concentration is expressed in molals to avoid uncertainties associated with defining the local
volume of a nanopore containing a strand of DNA.
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