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Abstract The end-to-end stretching of aduplex DNA ol-
igonucleotide has been studied using potential of mean
force (PMF) calculations based on molecular dynamics
(MD) simulationsand atomic force microscopy (AFM) ex-
periments. Near quantitative agreement between the cal-
culations and experiments was obtained for both the ex-
tension length and forces associated with strand separa-
tion. The PMF calculations show that the oligonucleotide
extends without a significant energetic barrier from a
length shorter than A-DNA to a length 2.4 times the con-
tour length of B-DNA at which the barrier to strand separ-
ationisencountered. Calculated forces associated with the
barrier are 0.09+0.03 nN, based on assumptions concern-
ing tip and thermal -activated barrier crossing contributions
to the forces. Direct AFM measurements show the oligo-
nucleotide strands separating at 2.6+0.8 contour lengths
with a force of 0.13+0.05nN. Analysis of the energies
from the MD simulations during extension reveals com-
pensation between increases in the DNA-self energy and
decreasesinthe DNA-solvent interaction energy, allowing
for the barrierless extension of DNA beyond the canoni-
cal B form. The barrier to strand separation occurs when
unfavorable DNA interstrand repul sion cannot be compen-
sated for by favorable DNA-solvent interactions. The
present combination of single moleculetheoretical and ex-
perimental approaches produces a comprehensive picture
of the free energy surface of biological macromolecular
structural transitions.
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Introduction

Inter- and intramol ecul ar forces can now be directly meas-
ures at a submolecular level using avariety of experimen-
tal techniques, e.g., micropipette, magnetic tweezers, op-
tical tweezers, and atomic force microscopy (AFM). The
measurement of intermolecular forces between biotin-
streptavidin (Florin et al. 1994; Lee et al. 1994b; Moy et
al. 1994; Chilkoti et al. 1995), DNA strands (Lee et al.
1994a; Noy et a. 1997), and severa ligand-receptor
systems(Evanset al. 1991; Damer et al. 1995; Hinterdorfer
et a. 1996) and intramolecular forces in DNA (Smith et
al. 1992; Leeet a. 1994 &; Cluzel et al. 1996; Smith et al.
1996), polysaccharides (Rief et al. 1997b), and the protein
titin (Kellermayer et al. 1997; Rief et al. 1997 a; Tshkov-
rebovaet al. 1997) have produced new insight into the mag-
nitude of the forces and length scales involved in molecu-
lar recognition and the secondary structure of proteins,
polynucleotides, and polysaccharides. Theoretical studies,
motivated by the experimental studies cited above, have
attempted to obtain atomic detail descriptions of events as-
sociated with the measured force-di splacement curves (Be-
rendsen 1996). While new insightsinto structure-function
relationships of biological macromolecules have been ob-
tained, both the experimental and theoretical methods ap-
plied to date have been somewhat limited. In this paper we
present advances in both theoretical and experimental
methodol ogies for the study of force-displacement behav-
ior in biological macromolecules and show that these ad-
vances allow for a more in-depth understanding of the
atomic events occurring in biological systems under ten-
sileforce.

Single molecule intramolecular force measurements
viaAFM have been made on polynucleotide, polypeptide,
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and polysaccharide systems (Lee et al. 1994 a; Rief et al.
19974, b). In these studies polymers, often of unknown
lengths, have been stretched between unknown points on
the probe and the surface. Lack of knowledge of the points
of contact severely limits the accessible information relat-
ing length scales to measured forces. For example, if the
points of attachment on the probe and surface are signifi-
cantly displaced from each other then, (1) the actual ten-
sileforce on the molecule will not be parallel with the mo-
lecular axis, leading to large uncertainties in the measured
forces, and (2) the repulsive wall encountered when thetip
and surface come into contact will not correspond to the
true zero length of theinteracting molecules, leading to er-
rorsinthe measured lengths. Thislimitation hasbeen over-
come in the present study by using statistical centering to
define the exact point-of-contact in macromolecul es of de-
fined structure, rather than the more typical “flyfishing”
type experiments on homopolymers with a polydispersed
molecular weight range (Rief etal. 1997b). Theuseof well-
defined points of contract represents abreakthrough in our
ability to make single molecule force measurements and
relate them to molecular structure.

Theoretical studiesto interpret experimental force-dis-
placement curves have been performed using empirical
force field calculations, allowing for atomic details to be
obtained (Berendsen 1996; Cluzel et al. 1996; Grubmuller
et al. 1996). Published studies, however, have been limited
to a large extent by available computational resources.
Computations on the end-to-end extension of DNA have
been performed in the absence of solvent and with sym-
metry enforced on the molecule (Cluzel et al. 1996; Kon-
rad and Bolonick 1996; Lebrun and Lavery 1996). While
these calculations gave useful insights concerning struc-
tural changes in DNA during extension, the omission of
solvent greatly limits the application of the derived mod-
els to the experimental regime. Thisis especially evident
considering theresults presented below. Molecular dynam-
ics (MD) based studies of the streptavidin-biotin system
have been performed in the presence of the solvent envi-
ronment; however, pulling rates applied in those calcula-
tions exceeded the experimental values by eight orders of
magnitude, requiring significant extrapolation from the
theoretical regime to make direct comparison with experi-
ment (Grubmiller et al. 1996; Evans and Ritchie 1997).

Further complications hindering a direct link between
experimental and theoretical rupture forcesis the realiza-
tion that the experimental rupture events are not equilib-
rium events (Evans and Ritchie 1997). Unfortunately, the
relevant nonequilibrium energies cannot measured using
conventional calorimetry. Moreover, interpretation of
these measurements has been limited by the fact that the
intermediate molecular structures are not readily access-
ible via conventional techniques such as X-ray crystallog-
raphy and NMR spectroscopy.

Presented here are theoretical and experimental studies
on the end-to-end extension and ultimate strand separation
of a DNA duplex under tensile force. Theoretical studies
involve a potential of mean force (PMF) cal culation based
onall-atomMD simulationsontheextensionof ad(ACTG);

duplex. This computation was massive due to the use of
explicit water and counterions, appropriate equilibration
periods alowing for elimination of artifacts associated
with pulling rates, and the lack of symmetry restraints.
AFM experiments, based on a novel point-of-contact ap-
proach, yield force and displacement data on the end-to-
end extension of DNA of greater accuracy than has been
previously obtained. Near quantitative agreement is ob-
tained between the theoretical results and experimental
measurements concerning both the magnitude of the rup-
tureforce and the rupture distance. Detailed analysis of the
theoretical results reveals, for the first time, the important
role that solvent plays in the deformation of DNA under
tensile load. These results represent amajor breakthrough
in the way wethink about intra- and intermolecul ar forces,
demonstrating that detailed simulations can provide valu-
ableinsight into theenergeticsand structureof singlemole-
cule interactions.

Following this Introduction is the Methods section that
includes details of both the computational and experimen-
tal approaches. Thisisfollowed by the Results and discus-
sion section, which have been separated into subsections
presenting thetheoretical data, experimental data, compar-
ison of theoretical and experimental data, and an atomic
detail interpretation of the extension of duplex DNA under
tensile load. A brief summary is presented in the Conclu-
sion.

Methods
Computational

All computations were performed on the double-stranded
DNA (dsDNA) d(ACTG);-d(CAGT)5; dodecamer. This
seguence was selected based on its use in previously re-
ported AFM experiments(Leeet al. 1994a). Use of adode-
camer, versusalonger oligomer, was due to computational
considerations.

Calculations were performed with the program
CHARMM (Brooks et al. 1983) using the CHARMM22
al-hydrogen nucleic acid parameters (MacKerell et al.
1995) in which minor modifications of the phosphodiester
charges and torsional parameters had been performed
(MacKerell 1997b). All MD simulations were performed
in the isobaric, isothermal ensemble (Feller et al. 1995),
unless noted, using the Leapfrog integrator, an integration
time step of 0.002 psand SHAKE of all covalent bondsin-
volving hydrogens(Ryckaert etal. 1977). Atom based trun-
cation using shift electrostatic and switch van der Waals
functionswith a 1.4 nm cutoff for atom-pair lists, a1.2 nm
cutoff for nonbonded interactions, and 1.0 nm distance for
initiation of the vdW smoothing function was applied for
all calculations, with list updates performed heuristically.
Computations were initiated with the canonical A or B
formsof DNA (Arnott and Hukins1973; Arnott et al. 1973)
which were overlaid with a preequilibrated solvent box of
the CHARMM TIP3P water model (Jorgensen et al. 1983;



Reiher 1985) and sodium ions. All solvent moleculeswith
a non-hydrogen atom within 0.19 nm of any DNA nonhy-
drogen atom were deleted and sodium ions added or de-
leted at random positions in the box as needed to render
the system electrostatically neutral. All subsequent calcu-
lations were performed in the presence of periodic bound-
ary conditions. The structures were then minimized for
200 adopted-basis Newton-Raphson (ABNR) steps with
all DNA nonhydrogen atoms fixed and all water oxygen
atomssubjectedto harmonic constraintsof 200 kcal/mol/nm?.
The minimized systemswere then subjected to a20 psiso-
thermal, constant volume MD simulation with all DNA at-
oms fixed. The final structures from the simulations were
subjected to a 50-step ABNR energy minimization with
harmonic constraints of 200 kcal/mol/nm? applied to all
nonhydrogen atoms. The systems were then subjected to
300 psM D simul ationswith harmonic distance constraints
between the strand 1 and strand 2 terminal C5' atoms us-
ing force constants of 2500 kcal/mol/nm? and distances of
3.0 nm and 4.5 nm, approximating the A and B forms of
DNA, respectively. The fina structures from these simu-
lations were used to initiate the PMF calculations.

PMF calculations to study the end-to-end extension of
DNA used a reaction coordinate defined as the terminal
C5' atom of strand 1 to terminal C5' atom of strand 2 dis-
tance(r). Useof the C5' to C5' distanceyieldsatotal length
of 4.5 nm, corresponding to canonical B-DNA. Thisvalue
includes the 0.338 nm/bp plus 0.42 nm (0.21 nmx2) for
the additional length associated with the use of the C5' at-
oms at each termini. The canonical A form of DNA has a
C5'to C5' distance of 2.7 nm, significantly shorter than the
value expected for an axial rise/bp of 0.26 nm due to the
20° tilt of the basepairs. Extraction of the free energy pro-
file was performed using the umbrella sampling method
(McCammon and Karplus 1979; Northrup et al. 1982).
Briefly, the reaction coordinate is systematically sampled
via MD simulations (Allen and Tildesley 1989) at differ-
ent r values and the energies associated with the umbrella
potential required to maintain the system at that distance
are calculated. This approach allows afree energy profile
to be obtained for the sampled region of the reaction coor-
dinate and has previously been successfully applied to the
study of RNA di- and trinucleotides (Norberg and Nilsson
19954, b, 19964). In the present study we vary r for the
dsDNA dodecamer from 2.0 nm, through the A (2.7 nm)
and B (4.5 nm) forms of DNA, and out to 11.5nm in
0.05 nm increments.

MD simulations for the PMF determination were per-
formed with aninitial 2 psequilibration followed by 10 ps
of sampling at a given distance. The harmonic distance
constraint wasthen increased or decreased by 0.05 nm and
the next 2 ps of equilibration and 10 ps of sampling per-
formed. These were continued until the DNA protruded
from the solvent box, at which time the calculation was
halted and the system overlaid with additional waters as
described below. For the PMF presented in Fig. 1A the
simulations were initiated from the 3.0 nm equilibrated
structure and distances sampled down to 2.0 nm and up to
4.45 nm. Sampling from 4.5 to 11.5 nm was performed
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fromthe 4.5 nm equilibrated structure. An additional 10 ps
of sampling at each window was performed by restarting
the initial 10 ps of sampling with the harmonic distance
constraint at the same distance. Calculation of the PMF
was performed using the weighted histogram procedure
(Kumar et al. 1992) with the C5' to C5' distance stored
every 0.01 ps.

At each stage of the PMF calculation when the DNA
began to protrude from the sol vent box, the structureswere
reoriented such that the strand 1 and strand 2 terminal C5'
atoms were aligned along the X axis. The systems were
then overlaid with a preequilibrated box of water. The size
of the waterbox was adjusted to ensure that all DNA atoms
were a minimum of 0.75 nm from the edge of the water-
box in the Y and Z directions and the X direction was ex-
tended approximately 1.5 m beyond the DNA atoms. Fol-
lowing the overlay, all new water molecules whose oxy-
gen atom waswithin 0.26 nm of any previously positioned
nonhydrogen atom was deleted and the total box trimmed
to the desired X, Y, and Z dimensions. In some instances
this trimming deleted sodium ions; these were replaced at
random positions in the system to maintain electrostatic
neutrality. These systems were then minimized, subjected
to a20 psMD simulation with the DNA fixed followed by
additional minimization as described above for the initial
equilibration. This was followed by an additional 20 ps
isobaric, isothermal simulation in the presence of the
2500 kcal/mol/nm? harmonic distance constraint between
the strand 1 and strand 2 terminal C5' atoms at the distance
required for that stage of the PMF calculation. The final
time frame of the 20 ps simulation was used to initiate the
PMF simulations. For the individual simulation systems
theionic strengths varied from 0.15 to 0.18 and DNA con-
centrations from 13.5 to 15.8 mm.

Experimental

The complementary oligonucleotides 5'-CAGT-CAGT-
CAGT-CAGT-CAGT-3 [abbreviated (CAGT); and
(ACTG);] were covalently attached to opposing surfaces
as previously described (Chrisey et al. 1996; Lee et al.
1996). The AFM used in this study was designed specifi-
cally for force measurementsin liquids and is based on an
optical-lever displacement sensor (Meyer and Amer 1988).
The instrument was operated in a variable force mode in
which the surface was ramped toward the probe at veloc-
ities of 10 to 0.1 nm/s until arepulsive force of 1 NN was
sensed. The displacement sensitivity of the piezoelectric
transducer was determined with a capacitance sensor and
fit with asecond-order polynomial at variousvoltages. The
relative surface-probedisplacement was cal cul ated by sub-
tracting the displacement of the cantilever from the dis-
placement of the surface. Silica spheres, 30 um in diame-
ter, were attached to silicon oxynitride-microfabricated
cantilevers (Park Scientific Instruments, Sunnyvale,
Calif.) using achemically inert epoxy. The spring constant
of each cantilever was measured at the point of probe con-
tact with single-crystal silicon calibration standards (Tor-
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tonese and Kirk 1997). Calibration with the silicon stan-
dards indicate that calibration with gold test springs (Lee
et al. 1994a) overestimated the spring constants by afac-
tor of approximately 2.

Results and discussion

In this section we present data from a combined theoreti-
cal and experimental study on the end-to-end extension of
aDNA duplex. Theoretical studieswere undertaken to ob-
tain an atomic detail interpretation of the present and pre-
viously published (Lee et al. 1994a) experiments on the
interstrand interactionsin duplex DNA associated with its
end-to-end extension under tensile load. Detailed compar-
ison of the theoretical and experimental results showed
near quantitative agreement concerning both forces and
length scales. This level of agreement validates the theo-
retical methods used in the present study, allowing for a
detailed atomic model relating structural events to ener-
getics to be extracted from the computations. As will be
shown below, solvent-DNA interactions make a central
contribution to both the energetically barrierless extension
of DNA and the ultimate barrier to strand separation of the
DNA duplex. Theseresultsrepresent amajor breakthrough
in the way we think about intermolecular forces, demon-
strating that detailed simulations can provide valuable in-
sight into the energetics and structure of single molecule
interactions.

Potential of mean force calculations

Figure 1A shows the free energy profile for the extension
of thedsDNA dodecamer from 2.0 nmto 11.5 nm. Themole-
culeis extended from 2.0 nm through the A-DNA (2.7 nm),
B-DNA (4.5 nm), S-DNA (6.8 nm) forms and out to be-
yond alarge energy barrier at 10.1 nm, to 11.5 nm. A num-
ber of small (lessthan 2 kT ) minimaand barriersare present
in the free energy profile with larger minimaat 2.8 nm and
inthevicinity of 9.0 nm. The 2.8 nm minimum corresponds
to the A form of DNA. The presence of this minimum is
consistent with MD simulations using the CHARMM 22
all-hydrogen nucleic acid parameter set showing the A
form of DNA to be favored over the B form (Norberg and
Nilsson 1996b; Yang and Pettitt 1996; MacK erell 1997 a).
The two minimain the vicinity of 9.0 nm are suggested to
be associated with atomic rearrangements of the system
prior to the barrier crossing at 10.1 nm. PMFs from the
0-10 psand 10-20 pssampling periodsfor displacements
of 8—11 nmareincluded intheinset of Fig. 1LA. Thedepth
of the minima decreases upon going from the first to the
second 10 ps of sampling, supporting the suggestion that
theseminimaare associated with sampling limitations. The
minima in the vicinity of 9.0 nm, along with the number
of small minima throughout the surface, suggest that ad-
ditional sampling may be required for full convergence of
the PMF. The presence of adistinct barrier at 10.1 nm and
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Fig. 1 A Calculated free energy and B forces for the extension of
(CAGT)4-(ACTG);from 2.0 nmthrough 11.5 nm (KT=0.596 kcal/mol)
from the potential of mean force (PMF) calculations. Forces were
determined by numerical differentiation of the free energy versus
distance datain A. Theinset in A is the PMF calculated from the
0-10 ps (thin line) and 10—20 ps (thick line with dots) sampling pe-
riods

the use of extended simulations to obtain additional ener-
getic data at specific distances (see below, Tables 2 and 3)
allow for it to be assumed that the major observationsfrom
the present calculations will not be significantly affected
by additional sampling.

The most obvious feature on the surface is the barrier
at 10.1 nm. Thisisthe barrier to strand separation, occur-
ring at 2.37 timesthe contour length (L.=2.37) of B-DNA.
A barrier also occurs as the DNA is compressed towards
2.0 nm, significantly shorter than A-DNA. Compression
of the DNA was performed as a test of the methodology.
The expected increase in energy as the displacement ap-
proaches 2.0 nm supports the application of PMF calcula-
tions to study the extension of duplex DNA.

Previous M D simulations have shown that spontaneous
conversion of A to B DNA (Cheatham and Kollman 1997)
and B to A DNA (Yang and Pettitt 1996) occurs in MD
simulation at room temperature. Asmay beseeninFig. 1A,
a number of small barriers of less than 2 kT are observed
between the A and B forms of DNA at 2.8 nm and 4.5 nm,
respectively. Theseresultsindicate that the barriers of 2 kT



or less between 2.8 nm and 4.5 nm in Fig. 1A arereadily
crossed at room temperature. Beyond 4.5 nm out to over
9.0 nm, no barriers over 2 kT are encountered. These re-
sultsindicatethat extension of DNA from 2.1 nmto greater
than 9.0 nm is essentially barrierless.

AFM experiments directly measure the force-displace-
ment behavior of a system. Accordingly, the free energy
surface from the PMF was converted to a force-displace-
ment curve and is presented in Fig. 1B. Aswith the PMF,
themost predominatefeatureisobservedat 10.1 nm, where
aforceof 0.13 nN isencountered. Thisforceisdueto sep-
aration of the strands (rupture) in the dsDNA. Calculation
of theforcesfrom the 0—10 psand 10—20 ps sampling pe-
riodsyielded 0.16 nN and 0.11 nN, respectively. Based on
the difference between the 0—10 ps and 10—-20 ps calcu-
lated forces divided by two, the estimated error in the cal -
culated force is 0.025 nN. Throughout Fig. 1B a number
of smaller peaks of up to 0.05 nN are present. These are
attributed to noise in the calculation, although some of
these events may be relevant (see below).

Atomic force microscopy experiments

A direct measurement of the force-distance behavior of the
dodecamer was made with AFM using covalently end-
grafted (ACTG),gand (CAGT)soligonucleotides. Fig. 2A
shows a single force-displacement curve measured be-
tween surfaces bearing these oligonucleotides in 0.01 M
NaCl. The approach (dashed line) curve shows only repul -
sive forces. The repulsive wall extending to a force of
1.25 nN was used to define zero displacement. Theretract-
ing (solid line with square points) curve reveals adhesive
forces which culminate in an abrupt snap away from con-
tact at a displacement of 52.8 nm. Notable force eventsin
the retracting curve occur at displacements of approxi-
mately 22 nm, 34 nm, and from 40 to 52.8 nm. The events
at 22 nm and 34 nm correspond to adhesion forces of ap-
proximately 0.15—-0.20 nN and the rupture event from
40 nm to 52.8 nm corresponds to 0.49 nN. Force events at
displacements up to 22 nm can be attributed to nonspecific
surface interactions. Beyond 40 nm the tensile force in-
creases rapidly until aload of 0.49 nN is reached and the
surfaces abruptly snap apart. Thisform of interaction can-
not be attributed to Derjaguin-Landau-Verwey-Overbeek
(DLVO) surface forces and is indicative of interstrand
interactions (Lee et al. 1994 4a).

Figure 2B showsthe interstrand forces from a series of
AFM measurements to fall into three distinct popul ations
centered at 0.49+0.22, 0.33+0.05, and 0.13+0.05 nN.
These values are in good agreement with recent AFM ex-
perimentson aDNA 14-mer whereforcesof 0.46+£0.18 nN
were measured (Noy et a. 1997). The sequence of the ol-
igonucleatides used in the present study makesit possible
toformfivecomplementary conformations,i.e., (ACTG),-
(CAGT), where n=5, 4, 3, 2, and 1. The stability of du-
plex DNA, described by the melting temperature (T,,,), may
be estimated using the work of Marky and Breslauer
(1987). The T, of the 12- and 8-mersin 0.01 M NaCl at
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Fig. 2 A Forceversusdisplacement measurement between (ACTG)4
and (CAGT)s surfaces in 0.01 M NaCl at pH 7.0 and 25°C. Solid
line: the elastic response described by the freely jointed chain mod-
el modified to include stretchable segments. The parameters were
selected for a 64-base single-stranded DNA strand, i.e., contour
length of 35.7 nm, a Kuhn segment length of 1.5 nm, and stretch
modulusof 0.8 nN (Smithet al. 1992, 1996). B Histogram of the rup-
ture forces resulting from 407 measurements. Rupture forces were
not reported for 362 of these measurements as adhesive forces were
not observed. Events associated with the n=3, 4, and 5 interactions
are indicated by the different colored bars going from left to right.
Thethree eventsbeyond 0.6 nN (open bars) aredueto multipleinter-
actions (e.g. two separate duplexes forming and rupturing)

an oligonucleotide concentration of 32 g/ml is 27°C and
6.2°C, respectively. Thus, only the n=5, 4, and 3 confor-
mations are thermodynamically stable at room tempera-
turein 0.01 M NaCl. The correlation between the number
of adhesiveforce distributions and the thermodynamically
stable interactions leads us to assign the 0.13, 0.33, and
0.49 nN adhesive force distributions to the n=3, 4, and 5
interactions, respectively.

Displacementinthe AFM force-distancecurve(Fig. 2A)
includes contributions from the distance between and or-
ientation of the probe-surface contact and the oligonucleo-
tide grafting points. This displacement isrelated to the C5'
to C5' constraint distance appliedinthecalculations (Fig. 1).
The molecular grafting locations in the experiments can-
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Fig. 3 Schematic diagram of the ss 64-mer interacting with the
ss 20-mer assuming all basepairs in the 20-mer are involved in du-
plex formation and both strands arein the canonical B-form of DNA.
Arrows represent the direction of pulling in the AFM experiment

not be directly controlled or determined; accordingly, the
random distribution of oligonucleotides across the curved
probe will produce arange of rupture lengths. The longest
rupture lengths will result from interactions in which the
molecular axisisaligned coaxially with the probe-surface
contact. The (ACTG).65-(CAGT)g force-distance curve
presented in Fig. 2A isthe longest rupture length that can
be attributed to the n=5 interaction. Thus, in Fig. 2A the
(ACTG);564-mer iscomposed of asingle-stranded 44-mer
and adouble-stranded 20-mer. A schematic diagram of the
ss and ds regions of the interacting 64-mer and 20-mer is
shown in Fig. 3.

As the experimental rupture distance is obtained from
one AFM run, chosen based on the point-of -contact selec-
tion criteria, thereisno statistical error in the data. The ac-
curacy of thedata, however, can be estimated by therough-

Table1l Experimental lengths associated with force events and
theoretical lengths of the DNA total, single- and double-stranded re-
gion for ad (CATG),4 to d(CATG)s interaction

Experimental

Transient force event 1 22.0 nm
Transient force event 2 34.0 nm
Maximum rupture length 52.8+5.0 nm?
Theoretical

Canonical B for entire 64-mer 21.6 nm
Fully extended ssDNA 44-mer 35.0nm
Canonical B dsDNA (L.=1) 6.8 nm
Extended ss+canonical B dsDNA 41.8 nm
Extended ds DNA (L.=2.63)° 17.8 nm
Extended ss+extended dsDNA 52.8 nm

& Error estimate based on accuracy of the data as discussed in the text
b Lengths calculated assuming 0.338 nm/basepair for canonical B
dsDNA and 0.79 nm/basepair for fully extended sSDNA. The0.79 nm/
basepair for fully extended ssDNA was determined from a vacuum,
end-to-end PMF calculation on a single-stranded dodecamer (not
shown)

¢ Assuming that the accuracy of the experimental datais 5 nm (see
text) yields experimental rupture distances ranging from 47.8 to
57.8 nm. These correspond to contour lengths ranging from 1.89 to
3.37, respectively. Based on this assessment, the accuracy of the ex-
perimentally determined contour lengthissuggestedto be2.63+0.75

ness of the cantilever tip and the surface and the length of
the DNA to surface linkers. Both the cantilever tip and the
surface have aroughness of approximately 2—10 nm (Lee
et a. 1994b). The roughness will lead to the experimen-
tally measured rupture length being 2—10 nm shorter than
the actual rupture length. Thisis due to the zero length de-
termined by the repulsive wall (see Fig. 2A) being asso-
ciated with the highest “peak” on the surfaces while the
DNA is most likely not attached to this particular peak.
Opposing the surface roughness contribution is the pres-
ence of the linker between the surfaces and the DNA. The
fully extended succinimidyl-4-( p-maleimidophenyl)buty-
rate linker is 2.5 nm in length as determined from model -
ing and minimization studies (not shown) using the
ALCHEMY Program (Tripos Associates), yielding atotal
length of 5.0 nm for both linkers. The additional length due
to the linker will make the experimentally measured rup-
ture length longer than the actual rupture length for the
DNA alone. For simplicity we assume that the contribu-
tions from surface roughness and the linker cancel and as-
signavalue of 5.0 nm asthe accuracy of the data. Support-
ing this assumption is the quality of fit of the modified
freely jointed chain (FJC) model to the experimental data
asshowninFig. 2A. Inthat model thelocation of thecurve
is based on the assumed length of the DNA (Smith et al.
1996). Directly applying the assumptions used in a previ-
ous study by Smith et al. (1996) to the 64-mer used in the
present study (seelegend of Fig. 2), without including cor-
rections for surface roughness or the linker lengths, yields
good agreement between the modified FIC model and the
experimental data.

To better interpret the force-displacement curve in
Fig. 2A to structural events occurring in the DNA during



extension, somelength scal esbased on simpleassumptions
must be defined. These are presented in Table 1 along with
data from the experiment presented in Fig. 2A. If the en-
tire 64-mer is assumed to be in acanonical B form, atotal
length of 21.6 nmiscalculated. For the single-stranded 44-
mer the length at full extensionis 35.0 nm. A length of 6.8
nm corresponds to the canonical B form (L.=1.0) of the
ds 20-mer.

The most significant force event in Fig. 2A is strand
separation at 52.8 nm. Summation of the extented ss 44-
mer length and the canonical ds 20-mer length in Table 1
yieldsalength of 41.8 nm. Thisvalueiswhat would be ex-
pected if strand separation occurred at L .=1.0, but is sig-
nificantly shorter than the experimental force event at 52.8
nm. The experimental L at strand separation can be de-
termined by taking the measured length of 52.8 nm, sub-
tracting the length of the fully extended ss 44-mer, 17.8
nm, and using the differenceto determinethe extension per
basepair for the ds 20-mer. This calculation yields avalue
of L.=2.63+ 0.75.

Theother significant forceeventsobservedinFig. 2A and
included in Table 1 are in the vicinity of 22 nm and 34 nm,
associated with forces of approximately 0.15-0.20 nN.
Optical tweezer (Smith et al. 1996) and micropipette (Clu-
zel et al. 1996) work on the end-to-end pulling of A-phage
DNA (48 kilobasepair dsDNA) show the presence of a
sharp force increase of 0.05—0.08 NN as dsDNA is ex-
tended beyond L .=1, followed by additional extension to
1.7 L with no significant increase in force: the so-called
“overstretched” transition. Comparison with calculated
distances in Table 1 indicates 22 nm to be approximately
equal to the length of the entire 64-mer in the canonical B
form. This may be assumed to correspond to the smallest
displacement at which the dsDNA will start to extend be-
yond the canonical B length. Previous experiments on the
extension of ssDNA, however, showed significant exten-
sion beyond lengths corresponding to canonical B-DNA at
forceslessthen 5 pN (Smith et al. 1992). Accordingly, the
force event at 22 nm isassumed to be associated with non-
specific interactions and the event at 34 nm is suggested
to be due to the structural transition at L =1 seen in the
optical tweezer and micropi pette experiments. The magni-
tude of the force event at 34 nm is, however, somewhat
larger than seen in the optical tweezer and micropipette ex-
periments. The greater force and the extended displace-
ment range over which this event occurs in the present
study may be attributed to contributionsfrom the ssregion
of the DNA, including intramolecular effects and intermo-
lecular interactionswith the surface or thedsDNA, or both.
In better agreement with the present data is the value of
0.12+0.5 nN reported for the overstretched transition in
previously reported AFM experiments on the extension of
duplex DNA (Noy et al. 1997).

The optical tweezer and micropipette A-phage DNA
work indicates the force distance behavior of both ds- and
ssDNA to fit a modified (FJC model with similar elastic
propertiesat L.>1.6. The modified FIJC model of a 64-mer
(plotted asasolid linein Fig. 2A) fitsthe elastic behavior
of the strand up to 48 nm displacement. The oligonucleo-

421

tide behavior deviates from the FJC model beyond 48 nm.
Deviation from the FJC model is attributed to a combina-
tion of strand slipping followed by strand separation. The
longest measured length of asingle interstrand interaction
is52.8 nm, which is 2.63+0.75 L .. This extension is sig-
nificantly longer than has been measured for loads of
0.16 nN using micropipettes (Cluzel et al. 1996), although
A-phage extension lengths of 2.17+0.2 L . have been mea-
sured using capillary combine (Bensimon et al. 1995). We
attribute the increased rupture length in the present experi-
ments to slipping between the individual strands in the
dsDNA that cannot occur in experimental studiesusing A-
phage dsDNA owing to it being composed of thousands of
basepairs (see below).

Comparison of theoretical and experimental results

Single molecule data from AFM allow for direct compar-
ison with results from MD based theoretical studies (Be-
rendsen 1996). Use of the point-of-contact AFM approach
in the present study yields excellent quality displacement
dataaong with the sub-nN resolution force data, allowing
for detailed comparison of both displacements and forces
between the experimental and theoretical portions of the
study.

Extraction of the distance of strand separation from the
PMF in Fig. 1A is straightforward, yielding a value of
L .=2.37. For the experimental dataanumber of simple as-
sumptions must be made concerning the lengths of the
DNA in the ss and ds regions along with the DNA to sur-
face linker length and surface roughness. These assump-
tions are discussed in the preceeding section. Based on
these assumptions a contour length of 2.63+0.75 is ex-
tracted from the experimental data, in good agreement with
the calculated contour length of 2.37.

Recent work has emphasized that the magnitude and | o-
cation of energy barriers from experimentally measured
force-displacement curves may contain contributionsfrom
the tip and thermal-activated barrier crossing events (Bal-
sera et al. 1997; Evans and Ritchie 1997; Izrailev et al.
1997). Inthese model sthetraditional transition state model
is supplemented with aterm to account for the mechanical
energy associated with the external force, f,, acting onthe
system, as shown in the following equation:

k = wo e_(Eb_fex X)/ks T

(1)

where k is the barrier crossing rate, ay, is the vibrational
frequency associated with attemptsto crossthe energy bar-
rier, E, istheintrinsic energy barrier, f., istheapplied force
(i.e. theforce dueto the cantilever tip in the present study),
x is the distance over which the applied force acts prior
to the barrier crossing, kg is the Boltzmann constant, and
T is the temperature. In the present study the energy bar-
rier in Eq. (1) is associated with the free energy barrier
from the PMF cal culation due to both the experiments and
calculations being performed in the constant temperature,
constant pressure ensemble (l1zrailev et al. 1997). Based on
Eq. (1) itisevident that the intrinsic barrier to strand sep-
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aration will be decreased by the energy associated with the
tip (i.e. fo, X) such that the experimentally determined bar-
rier or force (e.g. asin Fig. 2B) islower than theintrinsic
barrier or force (e.g. that calculated viathe PMF as shown
in Fig. 1). This has been extended to Kramers' approach
where contributionsfrom the environment to barrier cross-
ing, typically associated with viscous damping, are taken
into account; however, the contribution from the external
forces is still the same (Evans and Ritchie 1997). In the
present study the reaction coordinateis described by asin-
glereaction coordinate; however, thebarrier crossing event
iscomplicated by thelarge number of interactions between
the two DNA strands at the barrier (see Fig. 4, 10.1 nm
structure). Whiletheseinteractionsmay beassumedto con-
tribute to the environmental influences included in
Kramers' approach, they represent a much more complex
environmental contribution than, for example, viscosity ef -
fects. Indeed, barrier crossing in the present system may
be considered to be more complex than the unbinding of
the avidin-biotin complex, which has been discussed in de-
tail (Balseraet al. 1997; |zrailev et al. 1997). In those stud-
ies, difficulties associated with rigorous treatment of the
energy surfaces and force-displacement profileswithinthe
context of a soft restraint (i.e. the stiffness of the spring,
which may be considered a soft restraint in the present
work) was emphasized. Thus, direct application of
Kramers' approach in the present work may be suggested
to be inappropriate, disallowing rigorous treatment of tip
contributions and thermal activation to the force-displace-
ment profile.

While rigorous treatment of tip contributions and ther-
mal activation to the force displacement curve appears to
be currently not possible, it is still desirable to estimate
those contributions using simple models. First, it will be
assumed that the contributions from the DNA itself (i.e.
those from the PMF calculation), the cantilever tip, and
thermal activation to the measured force are additive (Bal-
sera et al. 1997). The decrease in the measured force due
to tip contributions can be estimated from the spring con-
stant of the cantilever tip, K, used in the present study,
0.05 N/m, and the tip displacement, x. The tip displace-
ment can be obtained from the calculated PMF in Fig. 1A,
based on the distance at which the free energy initially
starts to increase prior to the energy barrier to the top of
the energy barrier, i.e. from approximately 9.6 to 10.1 nm.
Thisyields a maximum tip displacement of 0.5 nm which,
when multiplied by the cantilever spring constant, yields
atotal force contribution of 0.025 nN. Next, the decrease
in the measured force due to thermal activation can be ap-
proximated by force fluctuation, dF, of the cantilever tip.
These fluctuations would allow for the system to sponta-
neously “jump” over the barrier prior to actually reaching
the top of the barrier. Estimations of the force fluctuations
may be determined via 6F = (K, kg T)"? (Balsera et al.
1997), yielding avalue of 0.014 nN. Summing thetip and
thermal activation contributionsyields0.039 nN asthe es-
timate of the decreasein the cal cul ated forcefrom the PMF
to yield the force measured experimentally. Applying this
to the value of 0.13+0.03 nN from the PMF yields a final

computed estimate of 0.09+0.03 nN. This value can be
compared with experimental ruptureforcesof the (CAGT)4-
(ACTG); dodecamer of 0.13+0.05nN in 0.01 M NaCl
(Fig. 2B, n=3) and 0.41+0.06 nN at 0.1 M NaCl (Lee et
al. 1994 a). Asmay be seen, thecomputed and 0.01 M NaCl
experimental valuesarein closeto quantitative agreement.
Thus, within the context of the present simplifications, sat-
isfactory agreement between the computations and experi-
ments occur for both the distance and force of duplex DNA
strand separation. Future efforts will focus on more rigor-
ously treating tip and thermal activation contributions to
the calculated forcesto allow for better comparison to ex-
periment.

Asdiscussed above, asignificant force event in the ex-
perimental force-displacement curve occurs at approxi-
mately 34 nm (see Fig. 2A). As presented in Table 1, and
consistent with previous experiments, the event at 34 nm
is suggested to be associated with the extension of the
dsDNA beyond the canonical B length. Such an event,
however, is not seen in the calculated free energy profile
nor thederived force-displacement curveshowninFig. 1A
and B, respectively. Analysis of the calculated force-dis-
placement curve, however, showsanumber of peaksin the
vicinity of L.=1 (4.5 nm displacement), suggesting that
the event may be within the noise of the calculated data.
Possible contributions from the theoretical approaches
used, including theamount of sampling and potential sused
in the calculations, may also contribute (Feig and Pettitt
1997; MacKerell 1998).

Structure-energetic analysis at an atomic level of detail

To understand structural changes associated with exten-
sion and strand separation of DNA, snapshots of the struc-
tures at 2.8, 4.5, 6.75, 8.0, and 10.1 nm are presented in
Fig. 4. The structures at 2.8 nm and 4.5 nm correspond to
A-and B-DNA. At 6.75 nm the structureis consistent with
thepreviously reported Sform of DNA (Cluzel et al. 1996),
but significant differences exist as symmetry has not been
imposed on the molecule in the present calculations. De-
tails of changesin the Watson-Crick basepairing as afunc-
tion of the C5' to C5' constraint distance are presented in
Fig. 5. The majority of basepairing is maintained through
6.8 nm. At that distance, basepair 12 opens followed by
basepairs 3, 5, and 6. Basepair 1 then opens followed by
simultaneous opening of basepairs 8, 9, and 10 at 7.8 nm.
The remaining basepairing is maintained until opening of
basepair 11 and then 2 between 9 and 9.5 nm. Only two
Watson-Crick basepair interactions (basepairs 4 and 7) re-
main as the structure approaches the free energy barrier at
10.1 nm and both are lost as the barrier is crossed. At the
barrier, two or threeterminal basesare now singlestranded,
indicating that slipping between the strands has occurred.
Thisdglipping isnot defined by frameshifting of the strands
withrespect to each other, asevidenced by themaintenance
of basepairs 4 and 7, but rather the ability of strand-strand
interactions to be lost at the termini while other Watson-
Crick basepairs are still intact. In the experimental regime



Fig. 4 Stereodiagram (cros-
seye) of the DNA duplex from
the PMF calculations at the
end-to-end distances of 2.8,
4.5, 6.75, 8.0, and 10.1 nm
(top to bottom). Image genera-
ted using the MIDAS package
(Ferrin et al. 1988)
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N1 to N3 Distance, A

N1 to N3 Distance, A

10 11
C5'to CS5' Constraint Distance (nm)

Fig. 5A, B Watson-Crick basepairing interaction distances for the
individual bases versusthe C5' to C5' displacement. A includes ba-
sepairs 1 through 6 and B basepairs 7 through 12. Watson-Crick ba-
sepairing interaction distances are based on the N1 to N3 distances
and represent averages over the initial 10 ps sampling periods. Ba-
sepairs are represented as follows: 1 or 7 (m), 2 or 8 (@), 3 0r 9 (4),
4 0r 10 (#), 50r 11 (0), and 6 or 12 (0)

it is expected that the influence of the cantilever will lead
to rapid separation of the individual strands upon crossing
theenergy barrier, making cal cul ated structuresbeyond the
10.1 nm barrier experimentally irrelevant.

To further investigate the barrierless extension of DNA
and the barrier at 10.1 nm, various energetic contributions

were analyzed as function of the C5' to C5' distance. Pre-
sented in Fig. 6 are the relative DNA-solvent interaction
energies and DNA-self energy as afunction of the end-to-
end distance. There is a maximum in the DNA-solvent
interaction energy at approximately 4.5 nm, which coin-
cides with a minimum in the total DNA energy; this cor-
responds to the B form of DNA. Moving to both shorter
and longer distances leads to increases in the total DNA
energy and decreases in the DNA-solvent interaction en-
ergies. Extension beyond 7.5 nm leads to arapid decrease
in the DNA-solvent interaction energy. A maximum in the
DNA-self energy and aminimuminthe DNA-solventinter-
action energy occurs at the barrier at 10.1 nm. Verification
of the resultsin Fig. 6 was performed by continuing MD
simulations at selected constraint distances for an addi-
tional 100 ps, yielding a total of 120 ps for the energetic
analysis. Analysis of the resulting absolute average DNA-
self and DNA-solvent interaction energiesin Table 2 shows
the values to be consistent with the resultsin Fig. 6. They
suggest a model where the barrierless extension of DNA
beyond 4.5 nm (Fig. 1) is due to compensation between
unfavorable DNA-self energy and favorable DNA-solvent
interaction energy. Similar compensatory energetics have
been calculated for the unfolding of a three-helix bundie
protein (Boczko and Brooks 1995).

Of noteistherapid decrease in the DNA-solvent inter-
action energy at 7.8 nm in Fig. 6. This decrease corre-
spondsto the simultaneous | oss of Watson-Crick hydrogen
bonding of basepairs8, 9, and 10 (seeFig. 5B). Asthe Wat-
son-Crick interactions are lost, exposure of the bases to
solventincreases, leading tothelargedecreaseinthe DNA-
solvent interaction energy. Interestingly, this event is not
associated with a significant increase in the DNA-self en-
ergy nor the free energy of the system. The lack of corre-
lation between the loss of Watson-Crick basepairing and
the free energy of the system emphasizestherole of DNA-
solvent interactionsaswell asother DNA-self terms, in ad-
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Fig. 6 Relative potential energies (kT=0.596 kcal/mol) associated
with the DNA-solvent interactions (circles) and the DNA-self ener-
gy (squares) versus the C5' to C5' displacement. DNA-solvent re-
presents the total interaction energy between the DNA and the sol-
vent, including both water and salt (circles) and the DNA-self ener-
gy (sguares) represents the total energy of the DNA duplex minus
the DNA-solvent interaction energy. The individual energies have
been offset such that the minimum energies are equal to zero. Note
that the sum of the DNA-solvent and DNA-self energies does not
equal the free energy due to entropic contributions

Table2 Absolute DNA-solvent interaction and DNA-self energies
from the 120 ps simulations at selected constraint distances®

Constraint distance DNA-solvent DNA-self energy
(nm)
2.80 -5042+ 8 -1616+4
4.45 —4923% 4 -1641+2
6.75 —4879+ 3 —1568+2
8.00 —5245+ 5 —1420+3
9.50 —5358+ 7 —1313+2
10.10 —5653+18 —-1210+8
11.25 —5595+ 6 -1241+4

&Energiesin kcal/mol. Errors represent the standard errors based on
the average values from six 20 ps blocks from the 120 ps simula-
tions. See Fig. 5 legend for explanation of determination of the en-
ergies

dition to Watson-Crick interactions, in stabilizing DNA
structure.

Itisimportant to reconcile previously published experi-
ments based on optical tweezers or a micropipette (Cluzel
et al. 1996; Smith et al. 1996) with the present study.
Previous studies showed a sharp increase in force as the
A-phage DNA was extended past L.=1, followed by a
region where no significant increase in force was required
to extend the DNA to contour lengths of 1.6—1.7. Past
L.=1.6 —1.7 asignificant increase in force was required
for additional extension of the molecule. As discussed
above, the present calculations do not predict the event at
L.=1 seen in the A-phage DNA; however, the results are
consistent with the additional extension of the DNA fol-
lowed by the significant force barrier. The ability of the A-
phage DNA to extend at constant force from L =110 1.6

Table3 Absolute DNA internal strand energy and the base-base,
base-backbone, and backbone-backbone interstrand interaction en-
ergies from 120 ps simulations at selected constraint distances®

Constraint Internal Base-base Base-bkb Bkb-bkb
distance

(nm)

2.80 -1342+3 -260.7+0.4 —66.9+0.5 53.6+1.2
4.45 -1330+3 -252.2+0.5 -51.4+0.2 -7.4+0.2
6.75 -1305+2 -214.1+0.8 -39.9+0.6 -9.2+0.1
8.00 -1260+2 -1285+05 -28.1+09 -25+0.2
9.50 -1267+1 -80.3+0.8 -12.8+0.6 47.2+0.9
10.10 -1263+4 -13.8+1.3 1.2+05 66.3+3.2
11.25 -1240+3 —-7.5+0.2 -23.1+0.6 289+16

& Energiesin kcal/mol. Errors represent the standard errors based on
the average values from six 20 ps blocks from the 120 ps simula-
tions. The internal energy is the total self-energy of the DNA (see
Fig. 5 legend) excluding the single-strand to single-strand interac-
tion energy. Base-base represents the interaction energy between all
base atoms in strand 1 with all base atoms in strand 2. Base-back-
bone (bkb) isthe interaction energy between all base atomsin strand 1
with all backbone atoms in strand 2 plus the interaction energy be-
tween all base atomsin strand 2 with al backbone atomsin strand 1.
Bkb-bkb represents the interaction energy between all backbone at-
omsin strand 1 with all backbone atoms in strand 2. Backbone at-
omsinclude all atomsin the sugar and phosphodiester moieties

may be attributed to the increase in favorable DNA-sol-
vent interactions observed in the present calculations. At
L.=1.6, which corresponds to a C5' to C5' displacement
of 6.95 nm, Watson-Crick basepairing is starting to be lost
in the dodecamer in the present study (Fig. 5). This corre-
sponds to extension of the DNA beyond the Sform. In the
dodecamer used in the present study the individual strands
can “dlip” with respect to each other, allowing for addi-
tional extension without encountering significant energy
barriers. In the 48 kilobase A-phage DNA it is suggested
that such slipping cannot occur, leading to asignificant in-
crease in force. Thus, the barrier seen in the present study
at L.=2.4 differs from that observed in A-phage DNA.
An understanding of the structural contributions to the
energetics of the barrier at 10.1 nm may be obtained from
analysis of the components of the DNA-self energy. Pre-
sented in Table 3 are the absolute energetic contributions
from the DNA internal energy and strand-strand interac-
tion energies corresponding to base-base, base-backbone,
and backbone-backbone interactions for selected end-to-
end distances. Interestingly, theinternal energy of the DNA
strandsincreased by lessthan 80 kcal/mol upon approach-
ing the barrier while significant increases occur in the
strand-strand interaction energies, accounting for the ma-
jority of theincrease in the DNA-self energy in Fig. 6 and
Table 2. The base-base interactions increase in a mono-
tonic fashion, primarily due to the loss of Watson-Crick
basepairing, but are still favorable at 10.1 nm. In the base-
backbone interaction energies, and even more pronounced
in the backbone-backboneterm, isamaximum at 10.1 nm,
where the interaction energies are repulsive. This maxi-
mum is associated with the backbone atoms on the indi-
vidual strands coming closer together as the DNA is ex-



tended (see Fig. 4) while the DNA-solvent interaction en-
ergy continues to decrease. These results suggest the bar-
rier to strand separation at 10.1 nmisdueto the base-back-
bone and backbone-backbone interaction energies becom-
ing so repulsive that the favorable DNA-solvent interac-
tions can no longer compensate, leading to strand separa-
tion. While previous studies have shown the importance
of solvent-solute interactions in structural stabilization
(Boczko and Brooks 1995), the present observation repre-
sents the first atomic detail model of the contributions of
solvation and structural distortions to a macromolecular
barrier crossing event.

Whilethe present computational resultsyield near quan-
titative agreement with the AFM experimental data, sev-
eral limitations in the computational methodology should
be reemphasized. The most obviouslimitationistheinitial
sampling of 10 psat each constraint distance. Thishasbeen
addressed by extending the simulations at each constraint
distance to 20 ps and using both the 0—10 psand 10-20 ps
datato compute theforces at the barrier (see above). How-
ever, the presence of numerous small barriers throughout
PMF and the minima present in the surface at 9.0 nm and
9.5 nmindicate that additional samplingisrequired for to-
tal convergence of the PMF and that the presented results
should be interpreted in that context. It should be noted
that the conclusions associated with the DNA-self and
DNA-solvent interaction energy contributionsto theforce-
displacement profile were verified vialonger simulations.
Another limitation is the use of counterions at a concen-
tration required to only neutralize the system and the
change in the overall volume of the system while main-
taining the same number of ions. Recent MD studies have
shown that the use of only neutralizing counterions yields
stable structures in the nanosecond time regime, validat-
ing the use of that approach in the present work (Norberg
and Nilsson 1996b; MacKerell 1997a). Concerning the
changein thetotal volume of the system, theionic strength
varied from a minimum of 0.15 to a maximum of 0.18 in
the present study whilethe DNA concentration varied from
13.5 to 15.9 mm. While contributions from these changes
cannot be totally discounted, it may be assumed that their
influence on the present observations will be negligible.
Clearly, the presented cal cul ations do contain limiting fac-
tors; however, the level of agreement with the experimen-
tal AFM dataalowsfor ahigh level of confidence that the
observationsmade arerelevant to the experimental regime.
Further advances in both experimental and computational
methodol ogieswill ultimately berequiredto fully validate
the present observations.

Conclusion

This study has shown that PMF cal culations based on MD
simulations can bedirectly linked to single-moleculeforce
measurements made with the AFM, providing a picture of
the complex structure, force, and energetics of DNA under
tensile load. The narrow range of forces that are observed
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as DNA is extended to over twice the length of B-DNA
arises from compensation of the increase in DNA-self en-
ergy by adecreasein DNA-solvent interaction energy. The
effect of the extension on the dodecamer is not uniform,
with different Watson-Crick basepairing interactions be-
ing lost at different displacements. A barrier to extension
occurs at approximately at 2.4 L . which is associated with
interstrand repulsion that is not compensated for by favor-
able DNA-solvent interactions. The ability of the theoret-
ical calculations to perform such interpretations is based
on the use of detailed atomistic models, including the ex-
plicit representation of the solvent environment, yielding
near quantitative agreement between calculated and ex-
perimentally determined rupture distances and forces. Fur-
ther applications of combined theoretical and experimen-
tal single-mol ecul e studies can be expected to significantly
advance our understanding of the atomic contributions to
the forces dictating macromolecular structure.
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