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Stretching and breaking duplex DNA by chemical force microscopy 
Aleksandr Noyl, Dmitri V Vezenovl, Jon F Kayyem213, Thomas J Meade* 
and Charles M Lieberl 

Background: Specific interactions between complementary strands of DNA 
and other molecules are central to the storage, retrieval and modification of 
information in biological systems. Although in many cases the basic structures 
of duplex DNA and the binding energetics have been well characterized, little 
information is available about the forces in these systems. These forces are of 
critical importance because they must be overcome, for example, by protein 
machines during transcription and repair. Recent developments in atomic force 
microscopy make possible direct measurements of such forces between the 
individual oligonucleotide strands that form DNA duplexes. 

Results: We used the chemical force microscopy technique, in which 
oligonucleotides are covalently linked to the force microscope probe tip and the 
sample surface, to measure the elongation and binding forces of individual DNA 
duplexes. The separation forces between complementary oligonucleotide 
strands were found to be significantly larger than the forces measured between 
noncomplementary strands, and to be consistent with the unbinding of a single 
DNA duplex. With increasing applied force, the separation of complementary 
strands proceeded in a stepwise manner: B-form DNA was stretched, then 
structurally transformed to a stable form of DNA approximately twice the length 
of the B form, and finally separated into single-stranded oligonucleotides. These 
data provide a direct measurement of the forces required to elastically deform 
and separate double-stranded DNA into single strands. 
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Conclusions: Force microscopy provides a direct and quantitative 
measurement of the forces and energetics required to stretch and unbind DNA 
duplexes. Because the measurements can be carried out readily on synthetic 
oligonucleotides and in the presence of exogenous molecules, this method 
affords an opportunity for directly assessing the energetics of distorting and 
unbinding specific DNA sequences and DNA complexes. Such data could 
provide unique insights into the mechanistic steps following sequence-specific 
recognition by, for example, DNA repair and transcription factors. 

Introduction 
Highly specific interaction forces in double-stranded DNA 
play a well-known role in the storage and retrieval of genetic 
information [l]. Furthermore, these forces determine the 
elastic properties of duplex DNA chat are believed to be 
important for its packaging in rhe nucleus, for cell division, 
and for many of the interactions with proteins, for example 
during transcription and repair [Z-S]. Much of our knowl- 
edge of these critical forces comes indirectly from measure- 
ments of binding energedcs, which can be determined by 
affinity [6], melting [7,8], calorimetry [9] and structural 
studies [lo]. Recent technological advances are now 
enabling the direct assessment of interaction and deforma- 
tion forces at the single molecule level in DNA and ocher 
biological molecules [l l-151. For example, after chemically 
linking micrometer-size beads to the ends of single-stranded 
and double-stranded DNA, it has been possible to measure 

directly the forces required to stretch the polynucleotides 
using magnetic, optical and ocher means to pull on the bead 
[13,16]. This work has provided new experimental insights 
into the entropic elasticity of polymers in general [17,18], 
and rhe observation of a highly stretched form of duplex 
DNA [ 12,131. The need to use relatively large micrometer- 
size beads as handles in these experiments does, however, 
mean that long, kilobase, single-stranded and double- 
stranded DNA molecules must be used for such studies. It 
has not, therefore, been possible to assess specific chemical 
contributions co the stretching and binding forces in DNA. 
Because stretching induced by proteins in tie is typically 
confined to relatively short DNA stretches, it is dspecially 
important to elucidate these molecular-level contributions. 

Atomic force microscopy [19-211 represents an alternative 
approach for probing binding and stretching forces on a 
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Fiaure 1 

A schematic illustration of the chemical force 
microscopy setup. The sample is mounted on 
a piezoceramic transducer (green) that can 
move the sample vertically with subangstrom 
precision. The probe tip is attached to a 
flexible cantilever (yellow) and the laser beam 
(red) is reflected off the cantilever back onto a 
photodiode to monitor cantilever deflection. 
The inset shows a cartoon representation of 
interactions between two complementary 
strands immobilized on the tip and sample 
surfaces. Both the tip and the sample are 
coated with gold; self-assembled monolayers 
of alkanethiols (blue) are then formed on the 
gold surface. The DNA shown in the inset 
corresponds to the relaxed B-DNA 
conformation. 

molecular scale. In the atomic force microscopy experi- 
ment, force is measured by monitoring the deflection of a 
flexible cantilever spring that terminates in a sharp tip, 
while the probe-sample distance is controlled by means of 
a piezoelectric scanner (Figure 1). To determine binding 
and/or stretching forces then requires a means of attaching 
the system of inteiest between the tip and substrate. Non- 
specific adsorption of biotinylated bovine serum albumin 
was used for surface modification in experiments measur- 
ing binding interactions between biotin and streptavidin [14, 
22,231. In addition, atomic force microscopy has recently 
been used to measure duplex DNA binding forces by 
covalently attaching complementary oligonucleotides to 
reactive siloxane layers deposited on tips and substrates 
[24]. While this work has been important in demonstrating 
the ability to measure duplex-binding forces with atomic 
force microscopy, we believe that the attachment chem- 
istry has several limitations. First, siloxane layers made 
using short-chain silanes exhibit considerable disorder and 
are not bonded to the substrate and tip at every silicon 
lattice site [ZS]. This can lead to considerable uncertainty 
and variation in the elastic properties of the attachment 
and so complicate the analysis of DNA stretching. Second, 
subsequent reactions with the surface of the siloxane layer 
allow little control of the surface density and the arrange- 
ment of oligonucleotides. Consequently, only -3% of the 
linked oligonucleotides were found to form duplexes [24]. 

Here, we have investigated both binding and stretching 
forces in duplex DNA using an approach based on our pre- 
vious chemical force microscopy studies [X-28]. Chemi- 
cal force microscopy employs covalent functionalization 
of gold-coated probe tips and substrates with crystalline 
self-assembled monolayers (SAMs) of alkanethiols [29] 

(Figures 1,Zb). Alkanethiol SAMs provide a flexible and 
robust system for tailoring the molecular properties of sur- 
faces [30-321, and together with chemical force microscopy 
they have been used to quantify intermolecular forces 
between neutral and charged surfaces in aqueous and 
organic media [27,28]. To study intermolecular forces in 
duplex DNA, we prepared mixed alkanethiol-based SAMs 
consisting of hydroxyl-terminated hexadecanethiol and 
oligonucleotide-terminated hexadecanethiol on probe tips 
and substrates. Both complementary and noncomplemen- 
tary oligonucleotide interactions were investigated, in 
order to assess unambiguously the binding forces of single 
duplex structures. In addition, the well-defined and rigid 
SAM structure enabled the determination of the stretching 
behavior of individual oligonucleotide duplexes and thus 
the elucidation of the pathway by which unbinding occurs. 

Results and discussion 
DNA immobilization 
Two complementary DNA 14-mers, S’-TCGGACAATG- 
CAGA3’ (LT) and S-TCTGCATTGTCCGA-3’ (LS), 
with covalently tethered hexadecanethiol linkers were 
prepared as outlined in Figure 2a. The sequences were 
designed such that any shift of one strand in the duplex 
with respect to another would allow the formation of at 
most two Watson-Crick base pairs, thus ensuring an ‘all- 
or-none’ type of binding. Melting/annealing cycles carried 
out on solutions of the LT-LS pair exhibited no hystere- 
sis and were therefore consistent with an all-or-none 
binding behavior. 

Mixed monolayers consisting of either LT or LS alkane- 
thiol-linked oligomers and a 16-thiohexadecanol spacer 
were formed on gold-coated Si,N, probes and gold-coated 
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Figure 2 

Preparation of surface-immobilized 
oligonucleotides. (a) A synthetic route to the (a) 
5’.alkylthiol oligonucleotide conjugate 8. AC = I ii i i i 

COCH,, Ts = 4-CH,C,H,SO1, Tr= (C,H,),C, 
HO(CH&,OH - HO(CHd,,OAc - TsO(CH.&OAc - TrS(CH d, ,OAc 

PAm = P(OCH,CH,CN)(N(CH(CH,),),). 1 2 3 4 

Reaction conditions: i, acetic anhydride, 
4-dimethylaminopyridine (DMAP), CH,CI,; 

iv 

ii, dry pyridine, p-TsCI; iii, triphenylmethyl vii :: I 

mercaptan (TPMM), N,N’-dimethylformamide HS(CH2), 6- oligo - TrS(CH d, ,OTO- oligo LT~S.(CH z)lsOPAm~ TrsGH &OH 

(DMF); iv, NaOH, CHaOH; v, P-cyanoethyl 8 7 OH 6 5 
diisopropylchlorophosphoramidate, N,N-diiso- 
propylethylamine (DIEA), CH,CI,; vi, automated 
oligonucleotide synthesis, vii, isolation and W 
purification by reverse phase HPLC. Each 
intermediate was purified by flash 
chromatography. (b) A schematic illustrating 
monolayer formation and surface immobili- 
zation of the oligonucleotides prepared as 
shown in (b). Mixed monolayers of 1 &thio- 
hexadecanol and hexadecanethiol functional- 
ized with oligonucleotides were formed by 
spontaneous self-assembly from 3:l 
H,O:EtOH solutions. The resulting hydroxyl- 
terminated monolayer has a hydrophilic 
surface from which the DNA strands protrude. 

single-crystal silicon substrates by simultaneous adsorp- 
tion of the two thiols (Figure Zb). Because both the 
LT/LS thiol linker and the 16-thiohexadecanol were of 
identical length, the linker was completely embedded in 
the monolayer and only the oligonucleotide protruded 
from the hydrophilic hydroxyl-terminated surface. The 
ratio of solution concentrations of the two thiols was 
chosen so as to dilute significantly the surface density of 
immobilized DNA. An oligonucleotide surface density of 
0.05 strands/rim?, corresponding to a nearest neighbor dis- 
tance of 4.5 nm, was estimated from scanning tunneling 
microscopy images. When compared to the molecular 
cross section of LT and LS oligonucleotides, this surface 
density was sufficiently low to ensure that interchain 
interactions between like oligomers on either the sub- 
strate or the tip surfaces did not contribute significantly to 
measurements of LT-LS intermolecular forces. 

The binding competence of the surface-bound oligonu- 
cleotides was confirmed by hybridization with JZP-labeled 
and fluorescein-labeled complementary and noncomple- 
mentary oligonucleotides. We found that samples hybri- 
dized with the complementary 32P-labeled oligonucleotide 
exhibited more than ten times higher activity levels (853 
counts/min) than samples hybridized with the noncom- 
plementary oligonucleotide (84 counts/min). The activity 
exhibited when binding the complementary oligonucleo- 
tide could also be eliminated by varying the solution ionic 
strength or temperature to regimes that preclude duplex 
formation in homogenous solution. In addition, gold sur- 
faces coated with only the 16-thiohexadecanol monolayer 
and hybridized with 3*P-labeled LS or LT did not show 

significant counts above background activity. Similar results 
were also obtained when imaging surfaces hybridized with 
complementary and noncomplementary fluorescein-labeled 
oligonucleotides using confocal fluorescence microscopy. 
These results demonstrate that our surface-bound LT and 
LS oligonucleotides can produce sequence-specific duplex 
DNA structures similar to those observed in solution. 

Force versus distance measurements 
The intermolecular forces between probe tips and sub- 
strates functionalized with different combinations of the 
LT and LS oligonucleotides were determined from force 
versus displacement curves. To obtain these curves, the 
scanner of the force microscope was used to translate with 
angstrom-level control the oligonucleotide-functionalized 
substrates into and out of contact with an oligonucleotide- 
functionalized tip mounted on the cantilever (Figure 1). 
The cantilever deflection was monitored during the 
approach/withdrawal cycle using a photodetector sensitive 
to changes in the position of the laser beam that was 
reflected from the back of the cantilever. The cantilever 
force constant, which was determined directly for these 
experiments [33], was then used to convert the measured 
deflection into a force. Hysteresis between the approach 
and the withdrawal parts of the curve (as seen in Figure 3) 
reflects the binding interaction between the tip and sub- 
strate surfaces. The vertical jump that occurs along the 
withdrawal part of the curve corresponds to the’point at 
which the cantilever restoring force just exceeds the inter- 
molecular binding force between the oligonucleotides on 
the tip and substrate. It therefore marks the point at which 
the oligonucleotides separate completely. The magnitude 
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of this vertical jump can be associated with a binding/ 
unbinding force. 

Representative force versus displacement curves obtained 
for interactions between complementary (LT-LS) and 
noncomplementary (LS-LS) oligonucleotides are shown 
in Figure 3. The relative magnitudes of the binding forces 
between noncomplementary (trace I) and complementary 
(trace II) oligonucleotides are consistent with the expected 
nature of interactions; that is, the complementary inter- 
action exhibits a significantly larger binding force than that 
observed for the noncomplementary one. In addition, the 
withdrawal curve for the duplex (Figure 3, trace II) exhi- 
bits a highly nonlinear shape, with an intermediate slope 
prior to unbinding that is indicative of substantial stretch- 
ing of the DNA. The stretching and binding behavior of 
complementary oligonucleotide pairs is quantified below. 

The results shown in Figure 3 are reproducible. The shape 
and magnitude of the vertical unbinding jumps were 
siniilar both between repeated measurements done at the 
same sample-surface site and between experiments using 
samples and pairs of probe tips with differently functional- 
ized oligonucleorides. Typically, at least 150 curves similar 
to trace II in Figure 3 were obtained for complementary 
oligonucleotides at the same surface site. Reproducibility 
in approach and withdrawal curves for complementary 
oligonucleotides at the same surface site (using the same 
LT-LS pair) denionstrates that, during our experiments, 
the LT and LS oligonucleotides remained bound to their 
linkers and to the tip and sample surfaces. We believe that 
the reproducibility of these measurements reflects the 
well-defined nature of the chemistry developed for attach- 
ing oligonucleotides to the substrate and tip surfaces and 
the stability of the alkanethiol monolayers. 

To quantify the magnitude and uncertainty of the binding 
force, multiple force curves were plotted as histograms of 
the number of times a particular force was observed 
versus its magnitude (Figure 4). An average adhesion force 
of 0.10 f 0.07 nN was obtained for interactions between 
noncomplementary oligonucleotides (Figure 4a); this 
corresponds to nonspecific interactions between the sur- 
faces [28]. In contrast, when the complementary LT-LS 
pair was investigated, at least 10% of the force curves 
yielded significantly higher adhesion forces with an 
average of 0.46 + 0.18 nN (Figure 4b). Occasionally, a 
bimodal distribution with peaks at 0.45 nN and 0.90 nN 
was observed (Figure 412). Because the estimated contact 
area of the functionalized tip and sample produced 25 or 
fewer molecular contacts [27], it was possible (based on 
the observed density of oligonucleotides) to form at most 
one or two duplexes in our experiments. Hence, we 
believe that the bimodal distribution is a manifestation 
of the unbinding of either one (0.45 nN) or two (0.90 nN) 
LT-LS duplexes. 

Figure 3 

I I I I I I I 
-20 -10 0 10 20 30 40 

Z displacement (nm) 

Representative force versus distance curves obtained for tips and 
samples functionalized with oligonucleotides. Trace I: noncomple- 
mentary pair in which the tip and surface were functionalized with LS. 
Trace II: complementary pair in which the tip was functionalized with 
LT and the surface was functionalized with LS. The force versus 
distance curve was obtained by driving the sample into and out of 
contact with the probe tip while monitoring the cantilever deflection. 
The tip-sample separation rate was -60 rim/s in these experiments. 
Regions of contact and separation are indicated on trace I and the 
directions of approach and withdrawal are shown on trace II. The 
hysteresis between the approach and withdrawal parts of the curve is 
caused by the tip-sample binding interactions. 

In addition, the energy required to break the LT-LS 
duplex was estimated by integrating the force versus dis- 
tance data. The resulting value of .520+ 150 kJ/mol (or 

37 kJ/mol per base pair) is significantly higher than the 
1Cmer binding enthalpy value of 310 kJ/mol (22 kJ/mol 
per base pair) calculated from equilibrium solution denatu- 
ration experiments using published procedures [7]. This 
difference is, however, expected because the force micro- 
scopy experiment unbinds the duplex by pulling it from 
opposite ends and, in doing so, considerable energy is used 
to stretch the DNA elastically. We believe that probing 
duplex stretching (and not simply its binding energy) is an 
important point, because stretching is known to occur 
upon binding of RecA and other proteins to DNA during 
transcription and repair [34], and during cell division [3]. 

DNA stretching 
The nonlinear shape of the withdrawal curve for the LT- 
LS duplex is indicative of mechanical stretching of the 
duplex prior to unbinding (Figure 3). Other explanations 
of this behavior, such as mechanical deformation of the 
monolayer and/or linker, and/or reorientation of the duplex 
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Figure 4 
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Histograms of the binding force values obtained from multiple 
measurements between gold surfaces functionalized with the DNA 
oligonucleotides. (a) Noncomplementary pair: tip, LT; sample, LT. 
(b) Complementary pair: tip, LS; sample, LT. (c) The distribution for 
two complementary pairs of strands: tip, LS; sample, LT. Peaks 
corresponding to noncomplementary interactions (< 150 pN) were 
removed from (b) and (c) for clarity. Solid lines in (a) and (b) represent 
best fits to a Gaussian distribution. The solid line in (c) is the best fit to 
a sum of the two Gaussian distributions indicated by dashed lines. 

between the tip and substrate, are very unlikely for the fol- 
lowing reasons. First, our previous chemical force micro- 
scopy studies of functionalized alkanethiol monolayers 
never revealed a large range of extension values for small 

changes of forces as observed in Figure 3 [27,28]. Second, 
a reorientation of the duplex should require very small 
forces per distance, in contrast to the experimental data. 
Hence, we believe that the only consistent explanation for 
the nonlinear force-displacement data from our experi- 
mental system is duplex stretching. The stretching of 
short oligonucleotide duplexes using the force microscope 
is a new and central result of our studies. 

To obtain a quantitative understanding of the behavior of 
the DNA under tension, we converted the data into mea- 
sures of force against separation (the distance between tip 

Figure 5 

-0.6 

-OB 3 
Tip-sample distance (nm) 

Force versus separation plots obtained from individual approachlwith- 
drawal traces for interactions between complementary DNA strands. 

and sample) by deconvoluting the cantilever deflection 
away from or cowards the substrate (Figure 5). These data 
show that tip-sample repulsive interactions (positive forces) 
decrease to zero at distances 12 nm. The zero-force dis- 
tance corresponds to the tip-substrate separation with the 
duplex fully extended but not under tension. The zero- 
force distance varied between 2 nm and 4 nm for individual 
tips and did not exceed the 4.7 nm length expected for a 14 
base pair duplex. The variation in zero-force distance is 
likely to be due to the oligonucleocide linker being located 
off the tip apex and/or a misalignment in the contact 
between the tip-bound and substrate-bound oligonucleo- 
tides. These uncertainties do not, however, significantly 
affect the interpretation of the data. 

Separation past the zero-force point put the duplex in 
tension (negative forces) and produced a curve with a 
short elastic stretching region, a pronounced flat region 
where the separation increased rapidly under almost con- 
stant force (indicative of a structural transformation), and 
a relatively stiff elastic region immediately prior to duplex 
separation. These features, common to the individual 
experiments, are highlighted in an average plot of indi- 
vidual force versus separation curves (Figure 6). The 
average curve shows a relatively abrupt transition at a 
tensile force of 120 + 50 pN with the DNA duplex length 
increasing to almost twice its original value before 
unbinding. The average elongation of the DNA duplex at 
the unbinding point was 4.6* 1.0 nm. This behavior is 
also consistent with the doubling of the duplex length 
and, therefore, requires a major structural rearrangement. 
Structural models for the B-form and the stretched form 
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Stretching duplex DNA. (a) The average is 
shown for 20 individual applied force versus 
tip-sample distance curves obtained for 
interactions between complementary DNA 
strands. Data are represented in the form of 
tension (opposite to applied force) versus 
tip-sample distance. The common shape is 
preserved by normalizing the length scale of 
individual traces to an average tip-sample 
distance at the point of duplex break up 
(7.0 + 0.5 nm). The average curve shows a 
distinct transition region that can be attributed 
to a stretching transition. Structural models of 
B-DNA and S-DNA (stretched DNA) 
structures are placed next to the 
corresponding regions of the curve. 
(b) A magnification of the averaged curve 
immediately before the B-DNA to S-DNA 
transition. This region was used to calculate 
the B-DNA elastic modulus. Experimental 
data, red; linear fit, black. (c) The average 
applied tension versus elongation data 
corresponding to S-DNA stretching. 
Experimental data, red; linear fit, black. The 
curves were shifted relative to each other to 
match a common transition point, because 
S-DNA breaks at different points in individual 
approach/withdrawal cycles; these 
differences are due to variations in the 
location of the oligonucleotide linker off the tip 
apex and/or a misalignment in the contact 
between the tip-bound and substrate-bound 
oligonucleotides. 

of DNA [35] are indicated at their corresponding locations 
on the force-distance curve (Figure 6). 

Mechanical extension of duplex DNA to 1.7-2 times its 
natural length has also been observed recently in experi- 
ments on micrometer-length pieces (kilobases) of DNA 
[2,12,13,36,37]. To the best of our knowledge, the present 
work is the first direct experimental observation of such a 
structural transition in a short duplex, formed from syn- 
thetic oligonucleotides. On the basis of the large change in 
length at a nearly constant force, it was predicted that 
stretching induces a cooperative structural transition to a 
new conformation [2,12,38]. Molecular modeling [l&35] 
and molecular dynamics simulations [38] have suggested 
several possible structures (e.g. stretched or S-DNA and a 

DNA ladder) in which the bases maintain Watson-Crick 
pairing, but are inclined at an angle such that base-base 
stacking becomes interstrand rather than intrastrand. The 
S-DNA structure is shown schematically in Figure 6a. 

Overall, our DNA extension versus tension data (e.g. 
Figure 6) are remarkably similar to the curve calculated 
by Konrad and Bolonick [38] for stretching a DNA 
12-mer. But while their simulation predicts a ladder struc- 
ture, our experiments cannot distinguish at this stage 
between ladder and S-DNA structures. The transition 
threshold force measured by force microscopy, 120 * 50 
pN is in reasonable agreement with the value found by 
the simulation (85 pN), especially given that another 
modeling study found a transition threshold at 2 140 pN 
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[35]. Our threshold can also be compared to the measure- 
ments on micrometer-length DNA, where a smaller (70 pN) 
value has been found [l&13]. It is possible that this differ- 
ence may reflect the gross differences in the lengths (i.e. 
14 base pairs compared with thousands of base pairs) of 
the DNA studied. Despite these uncertainties, we are 
encouraged about the opportunities for further study, 
because both the sequence composition and the length of 
the DNA can be explicitly and systematically controlled in 
our system. 

Finally, our data can be used to determine the elasticity of 
the DNA duplex in the native and stretched states, from 
the slopes of the force-distance curve (Figure 6). Before 
the structural transition, the estimated elastic constant of 
the LT-LS duplex was 0.20 f 0.04 N/m. Assuming that 
DNA can be modeled as a uniform elastic rod, this value 
corresponds to an elastic modulus of 2.9 x IO* Pa. This 
number is in excellent agreement with the value of 
(3.5 f 0.3) x IO8 Pa calculated from the stretching data 
obtained on duplex DNA 15 pm in length [13], although it 
is not clear up&n’ that a short duplex should behave as a 
continuum object. After the structural transformation, the 
calculated elastic modulus increased sevenfold to 2.0 x 

lo9 Pa; that is, the duplex became significantly stiffer. To 
our knowledge, the modulus in the stretched form of 
DNA has not been determined previously. The increased 
stiffness for the stretched duplex is likely to be due to 
stretching of bond angles in the phosphate backbone and 
hydrogen bonds between base pairs, whereas the elasticity 
of unstretched B-DNA is dominated by changes in dihedral 
angles and base tilting. 

Significance 
Highly specific interaction forces in double-stranded 
DNA are central to the storage and retrieval of genetic 
information. In addition, these forces determine the 
elastic properties of duplex DNA and are therefore criti- 
cal for its packaging in the nucleus, cell division and 
many of its interactions with proteins. To date, much of 
our knowledge of these forces comes indirectly from 
measurements of binding energetics and structural data. 
But recent technological advances now enable the direct 
assessment of interaction and deformation forces at the 
single-molecule level in DNA and other biological 
systems. In this study, we describe direct measurements 
of the elongation and binding forces of individual DNA 
duplexes using chemical force microscopy, a relatively 
new technique that enables piconewton-resolution mea- 
surement of forces between molecules attached to a force 
microscope probe tip and a substrate. Mixed monolayers 
consisting of 14-mer oligonucleotides covalently linked to 
a hexadecanethiol and a 16-thiohexadecanol spacer were 
formed on gold-coated Si,N, tips and silicon substrates to 
yield a low density of oligonucleotides protruding from a 
hydrophilic hydroxyl-terminated surface. The surface 

density ensured that at most one or two duplexes formed 
when the tip contacted the substrate. Separation forces 
between complementary oligonucleotide strands were 
found to be significantly larger than the forces measured 
between noncomplementary strands and were consistent 
with the unbinding of a single duplex. With increasing 
applied force, the separation of complementary strands 
proceeded in a stepwise manner, with B-form DNA 
straightened then structurally transformed to a stable 
stretched form of DNA approximately twice the length of 
the B-form and finally separated into single-stranded 
oligonucleotides. Thus, our data provide a direct measure- 
ment of the forces required to elastically deform and sepa- 
rate well-defined synthetic duplexes into single-stranded 
oligonucleotides. 

DNA-binding proteins are known in many cases to 
stretch and bend the duplex structure. For example, 
when RecA binds to DNA there is an increase in the 
DNA length remarkably close to that observed for the 
stretched state of DNA. The work of strand deformation 
is clearly important to the function of this and other pro- 
teins. In the past, much effort has been devoted to recog- 
nizing and understanding the sequence specificity of 
binding by proteins, but it is worth considering how spe- 
cific sequences also affect the energetics and mechanics 
of the initiation of transcription or repair. We believe that 
the approach outlined above offers a unique opportunity 
to address these fundamental biological issues. Chemical 
synthesis can now be exploited to prepare designed oligo- 
nucleotide sequences and force microscopy can be used 
to address directly the effects of specific sequences on the 
forces and energetics needed to deform and separate DNA 
duplexes in the absence or presence of DNA-binding 
proteins and molecules. 

Materials and methods 
Materials 
All materials were of reagent grade and thoroughly dried by standard 
techniques. Water was deionized with a Bamstead NANOpure II filtration 
unit to 16 MD-cm resistivity. 

Synthesis of SH(CHJ,sO-oligonucleotides 
2.05 o (7.93 x 1 O-3 moles) of HO(CH,),aOH was placed in a 100 ml 
roundbottom flask and 60 ml of CH,& Bbded along with 0.05 equiva- 
lent of 4-dimethylaminopyridine (DMAP) and 1.4 equivalent of triethyl- 
amine and 0.695 ml of acetic anhydride. The reaction was monitored 
by thin layer chromatography (TLC) (silica gel, Kieselgel 60, EM 
Science; mobile phase 50:50 diethyl ether:hexane; cerium(lV) ammo- 
nium molybdate stain). The starting diol (R, = 0.05) and diacetate (R, = 
0.7) were separated from the desired product (65% yield, Rr=0.25) 
by flash chromatography (silica gel 60, EM Science; mobile phase 
60:20 hexane:ether). The ‘H NMR, 1% NMR and mass spectrum were 
consistent with the expected product. 

. 

0.5 g (1.7 x 1 Om3 moles) of the monoaoetate protected diol (HO(CH.J,s 
OCHs) was slurried in 25 ml of dry pyridine and cooled to 4°C. T&l 
(1 molar excess, 634mg) was added with stirring and the waction 
allowed to proceed for 36 h at 4% and an additional 2 h at room tem- 
perature. The solution was poured into a beaker containing 200 ml of 
ice water with stirring and was then filtered. The recovered solid was 
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washed with water, dissolved in petroleum ether and charcoal was 
added. After filtration, the solution was evaporated to dryness. TLC 
revealed the desired product (R,=O.56) and the material purified by 
flash chromatography. The ‘H NMR, 13C NMR and mass spectrum 
were consistent ‘tith the expected product. 

0.37 g (6.1 x IO4 moles) of the tosylated material ITS-O(CH,),, 
OCHJ was dissolved in 10 ml of N,N’-dimethylformamide (DMF) and 
thorouahlv degassed on a vacuum line. 1.1 equivalent of triphenvl- 
methyl&e-&&n (TPMM, Aldrich) was dissolved. in 5 ml of pr&ioudly 
degaased ethanol. NaOH (I .05 equivalent) was dissolved in 150 ~1 of 
water and added via a syringe to the TPMM solution. This solution.was 
cannulated into the DMF solution under positive pressure Argon. The 
reaction was allowed to proceed for 12 h and TLC revealed two prod- 
ucts: Rr=0.4 and 0.64. The materials were confirmed to the desired 
product (R,=O.64) and the product without the acetate protecting 
group (R,= 0.4). The deaoylated material [TrS(CH2),,0Hl was purified 
by flash chromatography (60:20 hexane:diethyl ether) and dried thor- 
oughly. The ‘H NMR, i3C NMR and mass spectrum were consistent 
with the expected product. 

220 mg (4.4 x 1 o-4 moles) of TTrS(CH,),,OHI was slurried in 15 ml of 
dry CH,Cl, and 325 pl of N,N-diisopropylethylamine (DIEA) was added. 
145 pl of 2-cyanoethyl-f$Ndiisopropylchlorophosphoramidiie was added 
dropwise via a syringe over 5 min. The reaction was allowed to 
proqeed for 30 min and an additional 50 pl of the phosphoramidite was 
added. TLC (mobile phase: 50:50:1, hexane:diethyl ether:triethylamine) 
revealed the desired product R,=O.72 (ninhydrin stain). The material 
was purified by flash chromatography (mobile phase: 90:10:0.5). The 
isolated material was dried carefully, dissolved in dry acetonitrile and 
placed on an ABI automated DNA synthesizer. The coupling time for 
the modified nucleoside was increased to 30 min. Mass spectral analy 
sis of the purilied material revealed the expected parent ion (M+ = 4634 
calculated; 4634 found). 

s*P labeling of oligqnucleotides 
Unmodified oliaonucleotides for 32P labelina were svnthesized usina 
standard solid phase techniques. LS, 5’-TCfGCAlTdTCCGA-3’, ani 
LT, 5’-TCGGACAATGCAGA-3’. were labeled usina 32P ,ATP and T4 
po&nucleotide kinase by stand&d procedures. 32P expiriments were 
carried out using 1 pmol of DNA in 50 pl hybridization solution. Counts 
were measured on a Beckman Model LS-1601 scintillation counter. 

Fluorescein labeling of oligonucleotides 
Fluorescent oligonucleotides were synthesized using standard solid 
phase techniques by incorporating a linker fluorescein phospho- 
ramidite (Glen Research) at the 5’ ends. The B’-fluorescein-TCTG- 
CA‘TTGTCCGA (LS) and 5’-fluorescein-TCGGACAATGCAGA (LT) 
oligonucleotides were purified by HPLC employing a C-16 reverse- 
phase column. A gradient of 2-40% CH,CN and 0.1 M triethylammo- 
nium acetate (pH = 6.5) was used as the mobile phase. Fluorescence 
hybridization experiments were performed using 10 nmol of DNA in 
50 pl of solution. Surface fluorescence was detected using a BioRad 
confocal microscope. 

Hybridization of labeled oligonocleotides 
All hybridization experiments were performed in 6 xSSC (saline 
sodium citrate: 0.9 M NaCI, 0.09 M sodium citrate, pH = 7, 6 x) at 
37°C overnight. After hybridization the sample was washed three times 
with 3 x SSC buffer at room temperature for 10 min each and once 
with 6 x SSC at 40°C for 30 min. 

Gold-coated substrates and probe tips 
Silicon (100) wafers (Silicon Sense, Nashua, NH; test grade, 525 pm 
thick) and commercial Si,N, tip cantilever assemblies (Digital Instru- 
ments, Santa Barbara, CA, USA) were coated in an electron beam 
evaporator (base pressure 1 x 1 O-7 torr) with a 20 A adhesion layer of 
titanium followed by 1000 A of gold deposited at 1.5 A/s. Silicon 
wafers were then cut into 2 cm x 2 cm square pieces and derivatized 
as described below. 

Gold surface modification 
A mixture of 1 pM LT or LS and 50-500 pM 16-thiohexadecanol in 
50 mM triethylammonium acetate (pH 7.0) containing 25% ethanol 
was applied to the gold surface. 20 pl were applied in each experiment. 
By carefully applying the solution with a pipette tip, the volume covered 
a 1.5 cm diameter circle. The sample was incubated overnight at room 
temperature in a humid chamber. The samples were rinsed with 1:3 
ethanol:H,O and then with H,O. 

Chemical force microscopy 
Force-displacement measurements were made with a Digital Instru- 
ments Nanoscope Ill Multi-Mode scanning force microscope equipped 
with a fluid cell. Modified tips were rinsed in water/ethanol mixture and 
dried under N, just prior to mounting them in the fluid cell. All measure- 
ments were done in 6 x SSC buffer. Normal spring constants of trian- 
gular 220 pm and 110 pm long Si,N, cantilevers were determined 
using a nondestructive thermal resonance calibration method [33] and 
on average were 0.11 f 0.01 N/m and 0.36 f 0.02 N/m, respectively. 
High-resolution scanning electron microscope images were used to 
determine the tip radii after experiments and to verify the intactness of 
the tip coating. All the tips used for this study had radii of the order of 
30-40 nm. All force versus distance curves were captured using 
Nanoscope Ill software and later analyzed on a Macintosh computer 
using a set of custom procedures written for lgor Pro 2.04 data analy- 
sis software (WaveMetrics Inc., Lake Oswego, OR, USA). Average 
binding force values were determined from histograms of the values 
obtained from at least 200 individual force versus displacement curves. 
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