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ABSTRACT

We have discovered a voltage threshold for permeation through a synthetic nanopore of dsDNA bound to a restriction enzyme that depends
on the sequence. Molecular dynamic simulations reveal that the threshold is associated with a nanonewton force required to rupture the
DNA-protein complex. A single mutation in the recognition site for the restriction enzyme, i.e., a single nucleotide polymorphism (SNP), can
easily be detected as a change in the threshold voltage. Consequently, by measuring the threshold voltage in a synthetic nanopore, it may
be possible to discriminate between two variants of the same gene (alleles) that differ in one base.

Restriction enzymes are used prevalently in recombinant6—13 kcal/mol®® Site-specific DNA-binding proteins also
DNA technology for cleaving double-helical DNA segments have an affinity for nonspecific DNA. In contrast with site-
containing a specific target sequence. Another use is geno-specific binding or binding to a noncognate site with a single
typing. Because the binding to the target is extraordinarily nucleotide mutation, a nonspecifically bound complex is not
sequence specific, restriction enzymes can be used to identifylocalized to a particular site. F&caRl, sites that differ from
single nucleotide polymorphisms (SNPs) that occur when the cognate sequence by two or more base pairs (bp) are
variants of the same gene (alleles) differ in one base. considered nonspecific because they are not cleaved and
We have discovered a method for discriminating between show low binding constants. For a nonspecifically bound
alleles that uses a synthetic nanopore to measure the bindingccaRI-DNA complex, the free energy of formation is
of a restriction enzyme to DNA. When a voltage is applied reduced to—4.8 kcal/molg?

across a membrane containing a nanopore, polyanionic DNA - \ve measured the permeability of dsDNA in solution with
immersed in electrolyte at the cathode diffuses toward the gcor| through nanometer-diameter pores in nominally 10
anode and is driven across the membrane by the electric fieldym thick SpN, membranes as a function of the applied
in the pore. The force due to the field acting on the strand ygjtage. With an enzymeDNA complex trapped in the
during the translocation impels DNA to bend and stretch pangpore, the electric field in the pore pulls on the DNA,
within the pore’™ At low fields ¢ < 500 mV/10 nm, double- introducing a shear force between the enzyme and the
stranded DNA (dsDNA) easily permeates pores with diam- ¢ognate sites in DNA. We observe a threshold in the field
eters>2.4 nm because the double helixZ nm diameter)  yequired to rupture the bond that depends on the sequence
is smaller than the pofeBut the permeability of DNA  gnq enzyme. Molecular dynamics (MD) simulations reveal

through the pore changes dramatically if it is bound 10 @ that the rupture occurs within several nanoseconds with a
restriction enzyme. force ~1 nN.

To study the binding of a restriction enzyme likedRl
to DNA, we introduced an excess of the enzyme in solution
with DNA without the Mg cofactor that is required for
cleaving the nucleic acid. Under these conditidBsoRlI is

The fabrication of the synthetic nanopores in inorganic
membranes has been described elsewlekesingle nano-
pore is created in a N, membrane by stimulated de-
thought to bind and diffuse along DN, The diffusive  COMPOSition and sputtering using a tightly focused electron

. . .~ . beam as small as 0.5 nm (Gaussian width) in diameter in a
motion along the strand is arrested at the cognate site, i.e., . .
o JEOL 2010F transmission electron microscope (TEM)
—GAATTC— for EcaRl. Bulk measurements of the binding . . e
o operating at 200 keV. Figure 1a shows transmission electron
at the cognate site indicate a free energy of formatich micrographs (TEM) of three pores in 58 membranes
= —15.2 kcal/moF~° However, the introduction of any grap P “

. ) 2 nominally 10 nm thick. The pores are 1.8 nm2.5+ 0.2
mutation among the cognate sites produces a position-

T - nm (blue); 2.4 nmx 3.2+ 0.2 nm (green), and 3.4 0.2
dependent reduction in the binding energy that ranges fromnm (red) in diameter: the shot noise observed in the area
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membrane. All data is low-pass filtered at 10 kHz and

digitized at 50 kHz for analysis. The currentoltage (—

V) characteristics of the pores shown in Figure la were

measured over a range éfl V in microfiltered buffered

100 mM KCI (10 mM Tris, pH 8.0) after 55 h of immersion

in deionized water. The characteristics are approximately

linear; line fits to the data yield the conductances: 88.3

pS for the 1.8 nmx 2.5+ 0.2 nm (blue) pore, 0.4% 0.03

nS for the 2.4 nmx 3.2+ 0.2 nm (green) pore, and 1.46

0.03 nS for the 3.6 0.2 nm (red) pore shown in Figure 1a,

1 and 1.184+ 0.03 nS for 3.4 nmx 4.7 nm pore shown in

Figure 3a and 2.12 0.03 nS for the 3.4 nnx 4.5 nm pore

shown in Figure 3b. It is apparent that the conductance does

1 not scale linearly with the diameter derived from TEfM!2

We have analyzed similar measurements using molecular

dynamics to estimate the ion mobility and then solving

(b) coupled PoissonNernst-Planck and the Stokes equations

00 B5 10 1E 50 35 30 35 40 self-cpn&stently.for the ion concentration, velocity, and
VOLTAGE(V) electrlcal pojtentlal. We find that the measu'rements are

consistent with the presence of a small (relative to DNA)
Figure 1. Threshold voltage depends on pore diameter. (a) TEM fixed negative charge in the pore and a reduction of the ion

micrographs taken at a tilt angle of 6f three nanopores, 1.8 nm  mobility due to the fixed charge and the ion proximity to
x 2.5 nm (blue), 2.4 nmx 3.2 nm (green), and 3.6 nm (red) the pore walf°

diameter, sputtered with a tightly focused high-energy electron beam .
in nominally 10 nm thick SN, membranes. The shot noise Following the conductance measurements, we tested the

observed in the area identified as the pore is indicative of perfect permeability of dsDNA in solution withEcdRI through
transmission of the electron beam through the membrane. A 105nanometer-diameter pores of Figure 1 as a function of the

bp permeates these pores only ¥~ 1.75 V. (b) gPCR results  appjied voltage. We used two separate dsDNA strands:
indicating the number of 105 bp DNA copies fraBtoRlI—DNA PP ge P )

complex that permeates the membrane through the pores in (a) 1. A 105 bp dsDNA, which is extracted from the pUC19
found at the positive+) electrodes in a bi-cell as a function ofthe (NEB part no. N3041S) vector with the sequence: 5
voltage across the membrane. The inset shows the electrolyticTAAGT TGGGT AACGC CAGGG TTTTC CCAGT CAC-

curkzelqt throu%h the 2.|4 nm 3.2 nm pore as a fuc?ction ofime  GA CGTTG TAAAA CGACG GCCAG TGAAT TGAG

with the membrane voltage as a parameter. Long duration transients, Pp———
>10 s and transient currents greater than the open pore currentCTCGG TACCC GGGA TCaC TAGA(_; TCGAC CT'
>|, are observed. GCA GGCAT-3 where the cognate site foEcdRI is

highlighted with an underline (and sites with double substitu-

of the electron beam through the membrane. The thicknesstions are indicated in italics).
of similarly processed 10 nm membranes was inferred from 2. A 900 bp DNA strand, which is extracted from a
TEM to be 124 2 nm, which is consistent with result 12 PTWINL vector (NEB part no. N6951S) using forward
3 nm obtained from using electron energy loss spectroscopy.primer GAATGACATCATTGTACACA and reverse primer
The TEM images shown in Figure 1 represent a two- GCCAACTCAGCTTCCTTTCG to amplify a sequence that
dimensional projection through the membrane. To investigate spans botliEcoRl andBanH| cognates; the length between
the three-dimensional structure, we tilted the membrane in the start of theEcoRI recognition site and start @danHl|
the specimen about the pore axis and explored varioussite is 815 bp. Selected portions of the sequence are given
defocus conditions. We have developed models for the porebelow: GAATGACATCATTGTACACAACGGAAGAGCCAT-
geometry. Although it is not unique, a simple model for the GGGCGGCCGCGAATTCCTCGAGGGCTCTTCCTGCA-
three-dimensional structure of the pore consists of two TCACGGGAGATGCACTAGTTGCCCTACCCGAGGGC-
intersecting cones each with a cone angle-af°.° GAGTCGGTACGCATCGCCGACATCGTGCCGGGTGC-
To further characterize the pore, we measured the elec-GCGGCCCAACAGTGACAACGCCATCGACCTGAAAG-
trolytic current as a function of the electrochemical potential TCCTTGACCGGCATGGCAATCCCGTGCTCGCCGAC-
applied across the membrane at 28.3°C. All experiments CGGCTGTTCCACTCCGGCGAGCATCCGGTGTACAC-
were carried out in a membrane transport bi-cell made from GGTGCGTACGGTCGAAGGTCTGCGTGTGACGGGCA-
acrylic using silicone O-rings with PDMS coatings to seal CCGCGAACCACCCGTTGTTGTGTTTGGTCGACGTCG-
the membrane to the acrylic (with5.0+ 0.2 TQ resistance.) CCGGGGTGCCGACCCTGCTGTGGAAGCTGATCGAC-
The membrane separates two reservoirs: one with aul40 GAAATCAAGCCGGGCGATTACGCGGTGATTCAACG-
volume on the cis side, and the other on the trans side with CAGCGCATTCAGCGTCGACTGTGCAGGTTTTGCCC-
15 mL volume. Each reservoir contains a Ag/AgCl electrode, GCGGAAAACCCGAATTTGCGCCCACAACCTACAC-
which is connected to an Axopatch 200B amplifier used in AGTCGGCGTCCCTGGACTGGTGCGTTTCTTGGAAG-
resistive feedback mode. LabView software is used to record CACACCACCGAGACCCGGACGCCCAAGCTATCGCC-
the ionic current and to apply the voltage across the GACGAGCTGACCGACGGGCGGTTCTACTACGCGA-
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i (a) qPCR results indicating that the number of 105 bp copies from
4

EcoRI—DNA that permeates a pore with a threshold voltage that

10 15 20 25 30 35 40 depends on the DNA sequence. The inset shows a TEM micrograph
TIME (ns) of the a 2.7 nmx 3.4 nm pore. The cognate sequence GAATTC
(blue) has a threshold voltage of about 1.5 V, but in constrast, with

Figure 2. MD simulations ofEcoRI—DNA complex encountering a substitution for the first-base, TAATTC (green) corresponding

synthetic nanopore. (a) Snapshots illustrating simulated dissociationto star activity has a threshold of only 0.5 V. There is no threshold

of anEcaRI—DNA complex due to the electric field in a nanopore.  apparent for the two-base substitution GGATCC (red), which is

The SiN, membrane is shown in gray, two strands of DNA in associated with nonspecific binding. (b) gPCR results indicating

blue and green, a protein dimer in pink and purple, water and ions that the number of 900 bp DNA copies from eittisroRI—DNA

are not shown. Time elapsed from the moireed Viransmembrane ~ or BamHDNA that permeates a pore depends on the enzyme.

bias was applied is indicated. (b) The protelDNA displacement The inset shows a TEM micrograph of the 3.4 snd.5 nm pore.

vs time in four MD simulations carried out at different transmem- The threshold for th&ecoRl and BanHI rupture scales with the

brane biases. The displacement is defined as the change of théulk dissociation energies.

contact distance between the cognate nucleotides and the binding

site ofEcaRI. The insets illustrate the starting (0 ns) and the midway site for EcoRl is highlighted with an underline, while the

(16.8 ns) conformations of thecdRI—DNA complex in a simula- ite for BarrHl is highliahted in bold

tion carried out fia 2 V bias. Two additional simulations, at 3 and Site forba 'S, 9 I.g €d in bold. . .

4V, were initiated starting from the midway conformation of the A membrane including a pore was mounted in a bi-cell,

2 V simulation. Another simulationt@ V (denoted as 4 V*) began ~ and then eithelEcoRl or BanHI in solution with DNA

from a different conformation and is illustrated in (a). (c) The containing the cognate sequence was injected into the

effective force of the DNA-protein interaction, defined as a sum electrolyte at the cathode. We introduce either commercial

of all nonbonded forces acting at the 12 bp DNA fragment adjacent .
to the protein. The effective force plots correspond to the displace- grade EccRI (100 000 U/mL stock concentration, 62 kD

ment plots shown in (b), color-coded accordingly. Each data point dimer, 2 x 10° U/mg Specifi(? activity; (NE|_3 part no.
was obtained by averaging the instantaneous force ov@6&s; R0101Q) oBanHI (100 000 units/mL, 52 kD dimer, 1.¥

the error bars are the standard errors of the mean. 10° U/mg specific activity; (NEB part no. R0136Q) without
purification into the cis chamber of the membrane bi-cell.
AAGTCGCCAGTGTCACCGACGCCGGCGTGCAGCCG-  To a solution containing microfiltered 100 mM KCI and10
GTAGCCTTCGTGTCGACACGGCAGACCACGCGTTT- mM Tris, we added HCI to adjust the pH value to 7.9. The
ATCACGAACGGGTTCGTCAGCCACGCTACTGGCCT- 100 mM KCI electrolyte concentration was chosen because
CACCGGTCTGAACTCAGGCCTCACGACAAATCCTGG- EcoRI has a tendency to aggregate at lower ionic strerigths.
TGTATCCGCTTGGCAGGTCAACACAGCTTATACTG- We then mixed 40@L of this buffer with 40uL of EcoRl
CGGGACAATTGGTCACATATAACGGCAAGACGTATA- (or BanHl) solution and 2uL of 105 bp DNA solution
AATGTTTGCAGCCCCACACCTCCTTGGCAGGATGG-  (diluted to 88 pgiL for 105 bp, and 10 ngl for 900 bp)
GAACCATCCAACGTTCCTGCCTTGTGGCAGCTTCA-  and incubated at 37C for 10 h to ensure that the enzyme
ATGACTGCAGGAAGGCGGATCCGGCTGCTAACAAA- binds to the DNA. None of the buffers contained Mg
GCCCGAAAGGAAGCTGAGTTGGC where the cognate which is required for catalytic activity of the restriction
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endonucleases. The solution injected into the cis reservoira cylindrical pore geometry and a uniform voltage drop. The
of the bi-cell showed pH 7.9. threshold must depend on either the geometry or charge in
With a voltage applied across the membrane, we observedthe poré® because the thresholds for the 1.8 nn2.5 nm
an electrolytic current through the pore. Superimposed onand 3.6 nm pores are comparable, while the threshold for
the open pore current,, we detected transients associated the 2.4 nmx 3.2 nm pore isvV > 2.5 V.
with the EcaRI—DNA complex interacting with the pore, Assuming that the bound protein frustrates DNA perme-
as illustrated in the inset to Figure 1b. We have previously ability through the pore, a large force correspondind\®
reported®1? that electric-field-driven translocations of un- will be required to dissociate the complex and induce the
bound DNA cause temporary blockadesgbut the duration translocation of DNA. To investigate the microscopic
of the transients was generally shortl(00 ms). In contrast,  mechanics of the rupture and assess the forces involved, we
we observe transients 10 s associated with thEcoRI— used MD to simulate the rupture of the complex under the
DNA, which is unprecedented for a synthetic pore. The influence of an applied voltage. A microscopic model of an
translocation velocity of unbound DNA in a synthetic pore EcoRI-DNA complex was built based on a 0.18 nm
is estimated to be-1 bp/ns at these voltagé$!*3so the resolution crystal structure (Protein Data Bank code 1CRQ).
duration of these events must represent an extended residenc€he first 15 residues of the protein not resolved in the X-ray
time of the complex over the pore that terminates either structure were not modeled. The 12 bp fragment of DNA
through dissociation and subsequent translocation of theresolved in the X-ray structure (CGCGAATTCGCG) was
DNA or with the complex uneventfully exiting the pore due extended to 62 bp by adding two pre-equilibrated DNA
to thermal agitation. The same inset also shows transientfragments (20 and 30 bp long) to the ends of the resolved
currents greater than the open pore current. Currefgthave fragment. A SiN, membrane was built by replicating a unit
been observed befdfe®!4and are attributed to a local cell of 8-SisN4 crystal to form a 10.3 nm thick hexagonal
enrichment of electrolyte near the pore due to counter ionsprism of a 117.23 nicross-section. A 2.7 nm diameter
responding to the molecular charge. The narrow bandwidth double-cone pore was produced by removing silicon and
(10—100 kHz) of the current amplifier we used precludes nitrogen atoms. The surface of 38j was modified to
the observation of transients shorter thar-100us. Hence, produce a uniform surface charge of 100 m&(about 0.6
to establish unequivocally if DNA injected at the cathode e/nn?).2° The SiN, structure was merged with tHecoR1—
permeates the membrane through the pore, the DNA nearDNA complex, having the DNA molecule oriented perpen-
the anode was analyzed using quantitative PCR (qPCR). dicular to the membrane and its longer tail inserted by 2.6
A PCR reagent system obtained from Invitrogen (Carlsbad, nm (system [) or 8.6 nm (system ll) into the pore. The
CA) was used in conjunction with the sequence-specific resulting structures were then solvated in a volume of pre-
primers synthesized by IDTDNA (Ames, |A) to amplify equilibrated TIP3P water molecules. Potassium and chlorine
the DNA, which was analyzed by agarose gel electrophoresis.ions were added, corresponding to a concentration of 0.1
Finally, we used a Qiagen gel extraction kit to purify the M. The final systems included about 415 000 atoms. To build
DNA and remove primers, nucleotides, enzymes, salts, a system for SMD simulations (system lll), the 12 bp DNA
agarose, ethidium bromide, and other impurities. The final fragment resolved in the X-ray structure was extended to
solution from the extraction had a concentration of about 34 bp by adding 11 bp to either end of the resolved fragment.
44 ngll for the 105 bp and 10 ngL for the 900 bp. The EcoRI-DNA complex was then solvated in 100 mM

We systematically investigated DNA permeability through @dueous solution of KCI. The final system measuredx12
nanopores in the membrane as a function of pore diameter.12 x 18 nn? and included about 248 000 atoms.
Corresponding to the gel arrays shown in the Supporting Each system constructed underwent 2000 steps of mini-
Information, Figure 1b represents the results of three gqPCRmization followed by gradual heating from 0 to 295 K in 4
analyses showing the number of DNA copies permeating asps. Systems | and Il were equilibrated in tNBT ensemble
a function of the applied potential. SYBR Green |, a (i.e., with particle numbeN, pressurd®, and temperaturé
commonly used fluorescent DNA binding dye, was included fixed) for 1 ns each, having all backbone atomd=cbRI—
in the gPCR reaction mix. SYBR Green | binds all dsDNA DNA restrained. System Il underwent 8.4 ns equilibration.
and the increase in fluorescence of it can be detected afterfor the first 2.2 ns, all backbone atomskafoRI—DNA were
each PCR cycle, which is proportional to the amount of restrained, while in the rest 6.2 ns ordycarbons of the
DNA. protein were subject to weak harmonic restraitktgitg =

Figure 1b illustrates DNA permeability through the three 10 kcal/(mol nr)).

pores shown in Figure 1a as a function of the voltage. When Our MD simulations were performed using the program
the diameter is small enough to preclude the translocationNAMD2,%¢ periodic boundary conditions, particle mesh
of the complex, while at the same time allowing DNA to Ewald full electrostatics and multiple time steppirighe
easily permeate the membrane through the pore <2< CHARMM27'8 force field describing DNA, protein, water,
4.9 nm, see Supporting Information), we observe a voltage and ions, and a custom force field describing theNgi
threshold for permeation of dsDNA that depends on the pore.membrané:'3 The integration time step chosen was 1 fs.
Apparently, dsDNA can be forced through the pores only if The equilibration in th&NPTensemble was performed using
the voltage isV > 1.75 V, which corresponds to an electric the Nose-Hoover-Langevin piston pressure contfdlan
field & > 2.1 4+ 0.2 MV/cm that is estimated by assuming der Waals energies were calculated using a smootii@

Nano Lett., Vol. 7, No. 6, 2007 1683



nm) cutoff. During the equilibration, the temperature was
kept at 295 K by applying Langevin fordégo all heavy
atoms; the Langevin damping constant was set to 3, ps
and the backbone atoms of tkedRI—DNA complex were
restrained by applying harmonic forces with the spring
constant of 100 kcal/(mol nfhunless stated otherwise. Other
simulation conditions and protocols are described in Aksi-
mentiev et al? To simulate an electric-field-driven rupture
of an EcoORI—DNA complex, a uniform electric field was in <10 ns with a force~1 nN. We find that rupture
applied to all atoms in systems | and Il. Inducing this field occurs when a-1 nN force stretches the bonds associated
rearrangement of ions and water focused the electric field with the first two base pairs from the Bnd in the 6 bp

to the vicinity of the membrane and produced a transmem- cognate site and an adjacent flanking nucleotide by more
brane bias equivalent teE-L, wherelL is the system size  thana ~ 0.15-0.2 nm, such thaAG = f* a ~ 13—17 kcal/

in the direction of the applied field (in our case, normal to mol.

the SgN, membrane}? All simulations under an external We also find that threshold voltage depends on the DNA
electric field were carried out in tHéVT (constaniN, volume sequence. Figure 3a represents three gPCR analyses of the
V, andT) ensemble. The damping constant of the Langevin permeation of DNA variants bound EcoRl. The pore used
thermostat was set to 1 p's to test the permeability (see inset) is 2.7 nm3.4 + 0.2

All SMD simulations were carried out on system |l nm and the corresponding threshold for disrupting the bond
according to standard protocdfs2? A harmonic restraint,  between théEcoRI and the cognate sites on the DNAVs
applied to the center of mass of a terminal 10 bp DNA = 1.75 V. However, the threshold voltage collapse¥ te
fragment Kspring= 50 000 kcal/(mol n)), was moved with 0.5 Vv, with a single base mutation from G to T on the first
a constant velocity away frofcoRl in the direction of the  cognate site from the'%nd, in correspondence with the
DNA end. Eacha-carbon of EcaRl was harmonically  change in the bulk dissociation energy for the same mutation.
restrained using a weak springing = 10 kcal/(mol nrd)). An estimate for the free energy of formation for the first-

The displacement of the 6 bp cognate fragment from its base substitution with-TAATTC — is —8.6 kcal/mol (with
equilibrium position in theEcoRI-DNA complex was a different flanking sequence and strand len§ftithe ratio
calculated using the following algorithm. First, we identified of the bulk dissociation energies, 8.6/15.2, is comparable to
all atom pairsif) such that, in each pair, atonbelonged to the ratio of the thresholds, 0.5/1.75. For a two-base substitu-
a cognate nucleotide and atgrelonged to the protein, and tion among the cognate sites (the red trace in Figure 3a),
their distanced|;[] averaged over the 6.2 ns equilibration of the EcoaRI—DNA bond is nonspecific, and correspondingly,
system lIl, did not exceed 0.4 nm. This procedure yielded we observe no threshold (i.&/,< 200 mV). From the ratio
80 such atom pairs, 40 for each DNA strand. Next, for each of the nonspecific bulk binding energy to the bulk dissocia-
pair, the distanced; was computed along the simulated tion energy for the cognate sites, we expect a threstioid
trajectory. Finally, the displacement of the cognate sequence500 mVv?8
from its binding pocket inEccRI was determined as an Restriction enzymes specific to hundreds of distinct
average change of the pair distance, Res ¥ jj (dj — [d};0)/ sequences have been identified, and corresponding cognate
n, wheren = 80. sites can be found in almost any gene. Consequently,

The effective force between DNA anHcaRl in the measurement of the threshold voltage might ultimately be
nanopore simulations was determined by computing the totalused for genotyping DNA without sequencing it completely.
nonbonded force on the 12 bp DNA fragment adjacent to However, the efficacy of using different enzymes will depend
EcaRl. Using a custom version of the NAMD2 program, a on the ability to discriminate between the threshold voltages.
sum ofall van der Waals, short-range electrostatic (Cou- As a test, we measured the threshold for permeation through
lomb), long-range electrostatic (PME), and the external a nanopore of a longer strand of dsDNA (900 bp) that
electric field forces on the 12 bp DNA fragment were incorporates cognate sites for b&@boRI (GAATTC) as well
computed for every time step (1 fs) of a 25 ps postprocessingasBanH| (GGATCC). Because the respective cognate sites
MD run, restarted from a conformation of interest. The differ by two base pairs, we expect only nonspecific binding
instantaneous forces were averaged during the postprocessingf one enzyme to the other site. Three gPCR analyses are
run; the standard error of the mean was determined usingshown in Figure 3b: the first measures the threshold
20 fs mean values of the force. All analysis and visualization associated with thEcaRI—DNA, the second measures the
were done using VMB? threshold foBamrHI—DNA, and the third measuré&coR|—

In the 9.6 ns MD simulation shown in Figure 2a, 4 V DNA again to establish reproducibility. The inset shows the
caused the complex to dissociate and induced the translo-nanopore used for this test (3.4 tm4.5+ 0.2 nm): it has
cation of DNA. On the other hand, no rupture was observed a threshold voltage of = 1.80 V for rupturing theecoRI—
in a 38 ns simulation carried out at 2 V, as illustrated in DNA bond. Notice that the threshold for rupturiBgnH|—
Figure 2b. However, by restarting this simulation near the DNA complex is 220 mV lower, i.eY = 1.58 V, and the

than at 3 V.) Figure 2c shows the force on the complex
associated with the trajectories in (b). At 2 V, the force
fluctuates around 0.7 nN, whilé¢ 8 V and 4 V, coinciding
with the rupture of the complex, the force 1.2 nN. In
the Supporting Information, we show that the rupture force,
f*, depends logarithmically on the loading ratej.e.,f* =
1.710 + 0.364 In¢), and we conclude that, for loading
rates from 0.11 N/s, the dissociation of the complex occurs

midpoint (16.8 ns) with bdt 3 V and 4 V, we were able to
dissociate the complex. (The rupture occurred ¥ sooner

1684

ratio of the thresholds (1.58/1.80) corresponds to the ratio
of the dissociation energies (13.2/15.2). The 220 mV
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