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Effect of pH on the Overstretching Transition of Double-Stranded DNA:
Evidence of Force-Induced DNA Melting

Mark C. Williams, Jay R. Wenner, loulia Rouzina, and Victor A. Bloomfield
Department of Biochemistry, Molecular Biology, and Biophysics, University of Minnesota, Saint Paul, Minnesota 55108 USA

ABSTRACT When a single molecule of double-stranded DNA is stretched beyond its B-form contour length, the measured
force shows a highly cooperative overstretching transition. We have investigated the source of this transition by altering helix
stability with solution pH. As solution pH was increased from pH 6.0 to pH 10.6 in 250 mM NaCl, the overstretching transition
force decreased from 67.0 = 0.8 pN to 56.2 = 0.8 pN, whereas the transition width remained nearly constant. As the pH was
lowered from pH 6.0 to pH 3.1, the overstretching force decreased from 67.0 = 0.8 pN to 47.0 = 1.0 pN, but the transition
width increased from 3.0 = 0.6 pN to 16.0 = 3 pN. These results quantitatively agree with a model that asserts that DNA
strand dissociation, or melting, occurs during the overstretching transition.

INTRODUCTION

By stretching single molecules of DNA using optical twee- model (Ahsan et al., 1998; Cizeau and Viovy, 1997) or a
zers or atomic force microscopy (AFM), a number of in- simple elastic model (Haijun et al., 1999). However, be-
vestigators have shown that DNA exhibits an unusual elaseause they are unable to predict the overstretching transition
tic behavior (Cluzel et al., 1996; Rief et al., 1999; Smith etforce, it is not clear how the models are related to the actual
al., 1996). These experiments move one end of a DNAstructural changes that occur as the DNA is stretched.
molecule while measuring the force on the opposite end Rouzina and Bloomfield (2000a,b) have developed a
through means of an optical trap or AFM tip. The resultingtheory that predicts that strand dissociation, or melting,
force-extension curve is then used to describe moleculamccurs during the overstretch transition. The theory quanti-
behavior under various solution conditions. A60—70 pN, tatively accounts for the observed overstretching force and
the force-extension curve for double-stranded DNAthe slope of the overstretching force as a function of exten-
(dsDNA) exhibits a plateau, indicating that the DNA can besion. It also predicts that the overstretching force will de-
elongated with very little additional force. This cooperative crease if conditions are changed to destabilize the helix.
overstretch transition continues until the molecule is To test this theory, we have used an optical tweezers
stretched to 1.7 times its B-form contour length, where theénstrument to measure the overstretching force and the
force increases rapidly and matches the force-extensiowidth of the overstretching transition as a function of pH.
curve of single-stranded DNA (ssDNA). Because extremes of high or low pH destabilize the helix
The overstretching transition has been attributed to and lower the thermal melting point of DNA (Lando et al.,
secondary structure transition from B-form to S-form DNA 1994), the theory predicts that the overstretching force will
(Cluzel et al., 1996). The structure of S-form DNA is not decrease in both low and high pH. Our data show that the
well understood, but molecular models have been proposeaverstretching force and thermal melting point as a function
(Cluzel et al., 1996; Konrad and Bolonick, 1996; Kosikov etof pH exhibit similar trends and that the model of force-
al., 1999; Lebrun and Lavery, 1996) in which DNA unwinds induced melting accurately describes the dependence of the
to form a ladder-like structure or in which the DNA mole- overstretching force on pH.
cule forms a reduced-radius fiber. These models assume that
the bases remain paired during the overstretching transition
and that the transition is reversible. Although they are ableMATERIALS AND METHODS
to reproduce the observed plateau Ih the forcefe_XtenSIOPhe dual-beam optical tweezers instrument used in this study consists of
curve, the models are not able to predict the transition forc@uo counter-propagating 150-mw, 850-nm diode lasers focused to a small
or its width. The plateau is attributed to a transition in whichspot inside a liquid flow cell with 1.0-NA Nikon water-immersion micro-
only the base-stacking interactions are lost. A good fit to thescope objectives. The force measurement was calibrated by applying a

observed data can be obtained using a two-state transitidﬁ'own external force to a bead in the optical trap and measuring the
resulting change in bead position using position-sensitive photodiode de-

tectors. After trapping a bead, the liquid cell surrounding the bead was
Received for publication 16 June 2000 and in final form 22 Novemberoscm"’lte‘j at a known frequency and amplitude. The amplitude of the
2000 observed oscillating force due to viscous drag on the bead (Mehta et al.,
' 1998) was measured as a function of frequency, giving the detector signal
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) i ’ measurements, the force measurement error of the instrumeit %spN.
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tweezers and then attached by suction to a pipette with aufr2ip. been obtained with nonbiotinylatedDNA at concentrations of 25.& 4.5
Another such bead was captured and held in the optical trap while a dilutgg/ml.

solution of biotinylated DNA was run through the cell. Once a DNA

molecule was attached to the trapped bead, the bead on the pipette was

moved toward the trapped bead until the opposite end of the molecule WaﬁESULTS

bound. The procedure is identical to that described in Fig. 3 of Bennik et

DNA with biotin-11-dCTP (Sigma Chemical Co., St. Louis, MO), dATP, with 250 mM NaCl is shown in Fig. 2. The force versus

dTTP, dGTP, and Klenowxo DNA polymerase (New England Biolabs, . beai . h helix i ded
Beverly, MA). T4 DNA ligase (New England Biolabs) was added to repair extension curve begins to rise as the DNA helix is extende

single-strand nicks. to near its normal contour length of 16.8n. The curvature
When a single molecule was tethered between the two beads, forceef this rise depends on the persistence length, contour
extension measurements were made by measuring the force on the beadléfhgth, and elastic modulus because entropy, in the form of

the trap while moving the pipette a known distance. A schematic diagrambendS or kinks. is removed from the DNA during the initial
of the experiment is shown in Fig. 1. The absolute extension of the !

molecule was estimated by measuring the distance between the centers%}(tensmn'

the two beads using an image captured with a CCD camera. The change in After a steep rise in force, reflecting the resistance of
position of the pipette was measured using a feedback-compensated pieZ0NA to stretching, the force plateaus. The change in force
electric translation stage that is accurate to 5 nm (Melles Griot 17PCZ013gyer this plateau is a few piconewtons as the DNA molecule
Irvine, CA.) The position measurement was converted to a measurementgg puIIed to~1.7 times its B-form contour Iength. After the

the molecule extension by correcting for the trap stiffness, which was 8 | he f L idl d the f
pN/um. For the measurements reported here, the pipette was moved A ateau, the force again increases rapidly, and the force-

100-nm steps and after each step the force was measured 100 times a@¥tension curve matches that of ssDNA (data not shown)
averaged. Each step took0.5 s. The force-extension curves did not (Smith et al., 1996). We define the overstretching force as
change significantly when the pulling rate was varied by changing the steghe force required to stretch a DNA molecule halfway
size from 10 to 500 nm. . . . .
The tethering buffer was 1 mM cacodylate with 250 mM NacCl, pH 6.01. through the overstretchlng transition, or to 1'3.5 times 1ts
After tethering, at least 4 ml of experimental buffer was run through thecomOur Iength' There is usua”y some hystere5|s when the
cell. The cell volume was less than 400 and we found this amount was DNA is relaxed, which we attribute to the re-annealing of
sufficient to completely exchange buffers. The experimental buffers ajocally melted DNA, but under these conditions, the relax-

pH > 7 were 10 mM NaCO; and 230 mM NaCl, which was titrated with - atjon curve usually matches the stretching curve exactly at
HCI to obtain pH 9.71, 10.13, and 10.61. The buffers atpt$ were 10 forces below 40 pN

mM formic acid and 247.5, 245.0 or 242.5 mM NaCl, which was titrated h . . h fi h ibl
with 2.5, 5.0, and 7.5 mM NaOH to obtain pH 3.14, 3.49, and 3.93, The data in Fig. 2 have been fit to the extensible worm-

respectively. like chain model. In this model, the extension of the worm-
Thermal melting curves were obtained by increasing temperature 0.2°ike chain in response to an applied foreéds described in

min and following the absorbance increase at 260 nm using a GBC UV 91§he |imit of high force FP/kgT > 1) by Odijk (1995):
spectrometer with a Peltier thermocell attachment. Melting temperature

(T, at each pH was determined by averaging the midpoint of two to three X 1/ksT 12 E
curves, and pH values were corrected for temperature dependence using — =1 <> + — (1)
publishedd(pK)/dT values (Stoll and Blanchard, 1990). Melting data have Lo 2\FP K
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FIGURE 2 Representative data for overstretching a single dsDNA mol-
FIGURE 1 Schematic drawing of an optical tweezers experiment inecule in pH 6.0 buffer with 250 mM added NaGD), data obtained when
which a single DNA molecule is stretched between two polystyrene beadsstretching the DNA moleculet, data obtained when the DNA is relaxed.
(Drawing is not to scale.) One bead is held on the end of a glass micropiThe solid line is a fit to the extensible worm-like chain model (Eg. 1), with
pette by suction, while another bead is held in an optical trap. Twoa length of 16.5um, a persistence length of 45 nm, and an elastic stretch
counter-propagating laser beams focused to a common point form thenodulus of 1010 pN. The stretch data are reproducible withh8 pN,
optical trap. whereas the relaxation data vary for different molecules.
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More accurate models have been proposed (Bouchiat et al., 80
1999), but our contour length measurements are not accu- {80

rate enough to distinguish between the models. For the fit 60 4

shown in the figure, we obtain a contour lengtiLgf= 16.5 ';; 140

um, a persistence length @f = 45 nm, and an elastic o 40 4 0

stretch modulus oK = 1010 pN. These values are in good %’ 1 o5 1 15
agreement with those that have been reported previously % 0 4

using other optical tweezers instruments (Baumann et al., |

1997; Wang et al., 1997). 0 o

As pH is raised (Fig. 3), the overstretch transition occurs
at a progressively lower force, and the transition width is
constant within experimental error. Three separate stretches
were averaged for each pH value to obtain the data ShOWAGURE 4 Force-extension curves for dsDNA in buffer at pH 6.0 (),
in Fig. 3. Only the stretching portion of these data is shownpH 3.9 (1), pH 3.5 (), and pH 3.1 [(J) with 250 mM added NaCl. The
although each set of data displayed significant hysteresighape of the curve at low force changes very little as the pH decreases from
upon relaxation similar to that shown for pH 6.0 in Fig. 2. 6.0 to 3.1. The width of the overstretghing transition changes from=3.0
The inset to Fig. 3 shows a single stretch in pH 10.6,0'6 to 16.0= 3 pN and the overstretching force decrea_ses from 67008 _

. - - . to 47.0 = 1.0 pN. These data shown are representative data from single
illustrating the roughness of the transition at high pH as Welkyetches of two different molecules. The average overstretching force for
as the large hysteresis seen in these data. at least three stretches and resulting standard error from these measure-

As pH is lowered (Fig. 4), the overstretching transition ments is reported in Table 1. Except for pH 3.1, the data shown for each
again occurs at lower force, but in contrast to the high pHCf"lse, 'are from stre'tching the DNA strand..None of the curves showeq
data. the change in force over the course of the overstret ignificant hystere5|s exce_pt_for pH 3.1, which shows sudden changes in

' ; . . rce most likely due to sticking of the DNA to the bead, as shown in the
transition increases dramatically. Here the stretching part Gfset. For this pH the relaxation curve is shown on the main graph. The
the force-extension curve is shown for each case except phiset is both the stretch and relax curve for pH 3.1.

3.1, for which we show the relaxation curve. The stretching

curve for pH 3.1 shows a few abrupt jumps (Fig. 4, inset.)

We attribute the jumps to nonspecific sticking of the DNA din-coated beads become protonated and may attract the

to the bead because the relaxation data did not show thisegatively charged DNA molecule. The data for pH 3.5, pH

feature. This is expected because the pKstreptavidinis 3.9, and pH 6.0 did not show any hysteresis under these

between 5 and 6 (Green, 1990), so at low pH the streptavieonditions. After obtaining curves at low pH, the pH 6.0
curve could be reproduced, indicating that the changes to
the DNA molecule at low pH are reversible.

0 0.5 1 1.5 2
Relative Extension

80 We have parameterized the overstretching transition into
1% an overstretching force and a transition width. The over-
60 44 stretching force is related to the stability of the DNA helix,
';; {20 whereas the transition width describes the cooperativity of
o 4040 the transition. Our method for calculating the transition
g J o8 1 12 width will be described in the next section, where we will
L 50 introduce a model to describe the pH dependence of the
i width. Table 1 summarizes the overstretch parameters and
0 : shows thatF,, ¢sretch d€Creases as helix stability is de-
0.8 1 192 creased by either raising or lowering pH. At high pH, the

transition width matches the pH 6.0 values, but at low pH it
increases by a factor of 5. Additionally, the apparent length

FIGURE 3 Force-extension curves for dsDNA in buffer at pH 6.0 (-), Of SSDNA decreases at low pH.
pH 9.7 (), pH 10.1 (1), and pH 10.6 {) with 250 mM added NaCl. The To compare these data with the predictions of force-
relative extension is the extension divided by the B-form contour length ofinduced melting theory, we have also measured the melting

the molecule. The shape of the curve changes very little as the pH i
increased from 6.0 to 10.6, but the value of the overstretching force?emperatl'm:"S of DNA by uv spectrophotometry. The

decreases from 67.8 0.8 pN to 56.2+ 0.8 pN. These data are shown as €Sults are shown in Fig. 5.
the average of at least three stretches at each pH. The resulting average

overstretching force and standard error from these measurements is re-

ported in Table 1. The inset shows stretching and relaxation curves for DISCUSSION

single molecule in pH 10.6 with no averaging, illustrating the increased h d trated that | . th It int of
hysteresis and the roughness of the overstretching transition. The stretchir?e ave demonstrate at lowering the meiting point o

curve has an average force of 861 pN and the relaxation curve has an dSDNA by changing the pH lowers the overstretching force,
average force of 45 5 pN. as predicted by theory (Rouzina and Bloomfield 2000b).

Relative Extension
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TABLE 1 Parameters describing the overstretching single- and double-stranded fornd. is taken from Fig. 5,
transition of dsDNA in buffer of various pH with 2560 mM whereassF and Ab are taken from Figs. 3 and 4. In calori-
added NaCl metric studiesASis obtained at the melting temperatiTte.
Foverstreteh  AD(Foverstrerch  Af expt.  Affit Py (FIC) If the transition entropy were independent of force, tem-
pH (PN) (nm) eN)  (eN)  (m) perature, and pH, Eq. 2 would be exact. If the transition
315 47.0+1.0 0.09 16.0+ 3 14 0.2 entropy is affected by solution conditions, Eq. 2 is approx-
349  56.4-04 0.14 10.5-2 9 0.3 imate, withAS representing an average value between the
Z'gi g?gﬁ g'g 8'13 goai 8'2 g 8'35 two sets of conditions corresponding to the two different
g 65 022 o5 3 0.75 transitions: one at zero force and the melting temperature
97 65.5+ 0.6 ~0.22 25+10 3 and another at the overstretching force and room tempera-
101  62.7+0.6 ~0.22 3.0+ 1.0 3 ture (Rouzina and Bloomfield, 2000b). It has been shown
106  56.2- 038 ~0.22 35+15 3 (Rouzina and Bloomfield, 2000a) thasS is insensitive to

FoverenercniS the force required to stretch the DNA halfway through the the force in the studied range Bf< 100 pN. HoweverAS
overstretching transition, whereasis the transition width, as described in s known to strongly depend on temperature due to the large
the text.Af expt. represents the measured transition width, whekédis positive heat capacity Change of DNA upon melting

represents the transition width obtained from fits based on the assumptio; i k . .
that the apparent persistence length of ssDNA decreases at low pH. The la) halikian et al., 1999; Holbrook et al., 1999; Rouzina and

column gives the persistence length used for the fit. Representative fits areloomfield, 1999). At an iOI_’]iC strength of 250 mM and pH
shown in Fig. 7. The data for pH 8 were taken from Smith et al. (1996) and6, A-DNA melts at 93°C, with an entropy change &8 =

was measured in 150 mM NaCl buffer, §9,esiercniS €xpected to be 25 cal/molK bp. In our experiments DNA force-induced
slightly lower than it would be in 250 mM NacCl. Results are reported asme|ting occurs at room temperature which implies a much
+ SE for at least th ts. " ’ :
mean or at least fhree measurements lower transition entropy of-12 cal/molK bp, assuming a
change in heat capacity of 65 cal/mobp (Chalikian et al.,

Although this theory predicts an approximate overstretching-999)- _ .
force of between 60 and 80 pN in high salt at neutral pH, a Another factor that may lower the apparex&in Eq. 2 is
much more accurate prediction is made for the change ifhe change in solution pH. It has been shown (Privalov and

overstretching force with a change in melting temperaturePtitsyn, 1969) thaAS decreases at low and high pH faster
The relation than would be expected based solely on the lowering of the

melting temperature. ThusS itself should vary with pH.
However, there are not enough experimental data to deter-
mine expected changes iAS. Therefore, in fitting our
experimental data oR,, ., <retckPH) to the dependence pre-
dicted by Eq. 2 with the measured functidp(pH) (see Fig.

5), we use a constant average transition entdgyfor all

6F = 8T — 2
is analogous to the Clausius-Clapeyron equation, whEre
is the change in overstretching fora®l is the change in
melting tem_peratureAS Is the difference in entropy be- H values. The results of our fit are presented in Fig. 6, with
tween the single- and double-stranded forms of DNA, angyq pegt fit value\S = 9.5 calimolK. The latter quantity

Ab is the difference in length per base pair between the‘seems reasonable in the light of the above discussion. Even
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FIGURE 5 Thermal denaturation curves as a function of pH. Melting
curves ofA DNA have been obtained by UV spectrophotometry at 260 nm.FIGURE 6 Overstretching force as a function of pH. The diamonds
T., values follow pH values that have been corrected for temperatureshow the measured overstretching force as a function of pH. The error bars
dependencé:], pH 3.1 (48.8°C);0, pH 3.5 (64.7°C)A, pH 3.9 (78.0°C); are taken from the data in Table 1. The line represents the predicted
X, pH 6.0 (93.0°C)A, pH 9.2 (81.4°C);#, pH 9.7 (75.3°C)M, pH 10.2 overstretching force from eq. 2 withS* = 9.5 cal/molK and 8T taken
(68.2°C). from Fig. 5.
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though we have neglected the possible dependendSof above value of the persistence length represents its lowest
on pH and therefore were unable to fit all of the data pointdimit determined by backbone rigidity and is not influenced
within their experimental error, Eq. 2 is clearly dominatedby electrostatic interactions.
by the strong variation off,, with pH, which produces The much shorter apparent persistence length obtained
similar changes i ereretcn@S @ function of pH. from the stretching experiments may reflect the formation
A surprising result of our experiments is the apparentof secondary structures (hairpins) in the ssDNA, as origi-
change in the length of the single-stranded form at low pHnally suggested in Smith et al. (1996). This conclusion is
The slope of the overstretching transition, and therefore theupported by a recent study (Maier et al., 2000) in which
width of the transition, also increases greatly at low pH. ItssDNA stretching curves for two DNA species with 30%
appears that the transition becomes less cooperative, but trasid 50% GC content were measured. With a force measure-
is not observed in thermal melting (Lando et al., 1994). Thement resolution of 10% pN, they saw a significant increase
change in length suggests a change in the properties of the the force at low extensions in GC-rich ssDNA, which was
single-stranded form. The protonation sites on the nitrogettributed to more extended secondary structure formation
bases are N3 cytosine (gi.6) and N1 adenine (pk3.8). in this case.
Minor protonation of N7 guanine has also been observed In contrast to dsDNA, the force-extension curves for
(Lando et al., 1994). Because N3 cytosine and N1 adeninesDNA do not serve as a good tool for extracting its per-
participate in hydrogen bonding, they will be protonatedsistence length. The apparently good fit to the FIC model
only if the DNA strands have dissociated. Thus, force-with three parameters yields an unrealistically short value of
induced melting causes protonation of the DNA strandsP.. In addition, this fit does not work for the high forces of
which in turn leads to a much different single-stranded100 pN < F < 800 pN recently studied with AFM
stretching curve. Apparently, the charge reduction of(Clausen-Schaumann et al., 2000; Rief et al., 1999). Appar-
ssDNA makes it harder to stretch. One might suggest thagntly, natural ssDNA polymers do not behave like a FIC or
protonation of the bases should have an effect similar t@ worm-like chain either at low or high forces.
increasing ionic strength, because both factors lead to damp- According to our experimental data, lowering the solu-
ing of the electrostatic repulsion in ssDNA. tion pH below 4 makes ssDNA progressively harder to
The increasing flexibility of ssDNA with salt has been stretch. We can speculate that strong pH reduction further
shown experimentally using diffusion measurements (Tinpromotes formation of secondary structures in ssDNA. In
land et al., 1997). The authors assumed ssDNA to be #act, formation of a parallel duplex in poly(dA) below pH
freely jointed chain (FJC) with a rise per base pair of 4.3 A~4 is well known (Saenger, 1984). However, one would
and obtained its persistence length, which varied from 5 nnexpect hairpins within ssDNA to be completely pulled out at
at 1 mM ionic strength down to 0.8 nm at 0.1 M ionic forces lower than 15 pN (Essevazroulet et al., 1997). The
strength. The latter number seems to be in quantitativeapparent shortening of ssDNA at high forces above
agreement with the result of Smith et al. (1996), WhoF,, csretch@nd at low pH might signify additional stacking
derived a persistence length of 0.75 nm by fitting a sSDNAiIn ssDNA.
force-extension curve to a FJC model at 150 mM ionic Despite the fact that ssDNA is not a FJC, we can use the
strength. In this model, the ssDNA extensimgF) is given  force-extension expression of this model to simply describe
by (Smith et al., 1996) the ssDNA stretching curve, such that it can be used for a fit
of the complete force-extension curve for dsDNA, including
om ~ the overstretching transition. We will attempt to quantify
beF) = bSSAX(COMZF) B 2,”:) (1 + KSS) @) ihe arguments listed above by fitting the ssSDNA within the
FJC by changing the parameteg, keeping in mind that
whereF = FP_JkgT is the reduced forcé®*is the contour  this probably does not represent the true persistence length
length per base in ssDNA, arRl,is the persistence length of the DNA molecule.
of ssDNA. The values from their fit werB,s = 0.75 nm, The force-dependent contribution to the transition free
bI* = 0.56 nm, andK, — 800 pN. energy between the double-stranded and single-stranded
However, this persistence length is significantly lowerforms of DNA at high forces typical of the transition can be
than the high-salt persistence length of 1.5-2.0 nm meaapproximated as a linear function of the force:
sured by transient electric birefringence (Mills et al., 1999)
for unstacked poly(dT) ssDNA and the rise per ba&& =  AG(F, PH) = —[F — FoversretckPH) JAD(Foversiretcd: (4)
0.5 - 0.7 nm. For stacked poly(dA) ssDNA at 4°C these
authors measureol* = 0.32 nm andP,, ~ 5.2 nm. Here
we scaled the 0r|_g|nal values reporteq by the author_s by a ADB(F) = b(F) — b{F). (5)
factor of 2/3, which relates the persistence length in the
worm-like chain model to its value in the FJC model The length of the molecule per base paibjsso Ab is the
(Rouzina and Bloomfield 2000a). The authors argue that thehange in length of the molecule during the transition from

where
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double-stranded to single-stranded form. Therefore, the ef- 100
fect of force on the double-helix stability should become
weaker when the elongatiahb becomes smaller. We can 80
use Eq. 4 to calculate the width of the overstretching tran- ’z; 60
sition in terms of the force: %
'L’ 40 |
8F == X AO = 401’2(kBT ) (6) £
00 0=1/2 Ab(Foverstretcl) ' 20 1
Here O(F) is the fraction of base pairs in the helical state 0+
(Zimm, 1960): 0 0.2 0.4 0.6
b (nm)
1 s—1
@(S(F), U) = é + 2[(3_ 1)2 T+ 4sg V2 (7) FIGURE 7 Representative fits of the experimental DNA stretching

curves at pH 6 and pH 3.5b.is the DNA extension per base pair. The thin

which is a function of iust two parameters: the cooperativit lines marked by solid symbols are modeled single-stranded stretching
lated to th | fth pb d d th Ip B tycurves in pH 6 A) and pH 3.5 W) and a modeled dsDNA curve®j,
o, related 1o the energy or theé boundary an € 100p 1aClofhereas the thick solid lines are fits to the stretching curves. The open

(Grosberg and Khokhlov, 1994), and the stabi{ff) of  symbols are measured data points for pHr§ énd pH 3.5 ).
helix relative to coil:

AG(F) very good, even though the transition broadening is slightly
s(F) = exp( ke T ) ®) underestimated. This is most likely due to the linear approx-
imation to the transition free energy as a function of force,
The width of the transition will actually be somewhat larger yhich becomes progressively less accurate at lower forces.
than given by Eq. 6, because not ory but also the  The increasing flexibility of SSDNA can reasonably ac-
molecular elongation in both double- and single-strandegoynt for the observed transition broadening at low pH. The
states are functions of the applied force. Note that Eq. Gjited P..value appears to be a quickly decaying function of
states the transition width§F, can increase due to the pH, as seen in Table 1. All of the values Rf. are unreal-
decreasing elongation per base pair even if the cooperativititically small, but this just means that the FJC is not a good
parameteio remains constant. _ model to describe ssDNA force-extension curves. The val-
We fit our measured DNA stretching curves at low pH t0 yes obtained illustrate that lowering the pH significantly
the weighted average betwelafy(F) andb{F), the stretch-  changes the elasticity of SSDNA.
ing curves for the double- and single-stranded forms of
DNA.
CONCLUSIONS

In this work, we have compared the DNA overstretching
O(F) is calculated according to Egs. 4, 7, and 8. We takdransition with thermal melting in identical buffer as a
by{F) in the form of the extensible worm-like chain model function of solution pH. Most importantly, we find that the
of Eg. 1, with the following parameter®?,, = 50 nm, overstretching force closely follows the melting temperature
X = Lo/N = 0.34 nm, andK,, = 1000 pN. Here N is the in its dependence on solution pH. Thus, at pH4 and

number of base pairs in the DNA molecule. These valuegH > 9.5 the double helix becomes progressively less stable
are assumed to be independent of solution pE(F) is  compared with the single strand. This leads to the simulta-
calculated from Eq. 3. neous decrease in the overstretching force and melting

If we assume that the cooperativity parameter for DNAtemperature of DNA. The measured proportionality coeffi-
melting is small,c = 8 X 10 % we can fit the measured cient betweerF o «rerckPH) andT.(pH) provides a reason-
stretching curves for DNA at low pH by adjusting the able estimate for the entropy of the DNA melting transition.
flexibility of ssDNA only. We also fix the single-stranded  In addition to the expected lowering of the overstretching
contour length and elastic modulus at their measured valuderce at high and low pH, the width of the overstretching
at pH 8 and vary only the persistence len@tly trying to  transition shows very interesting behavior. At high pH, the
match part of the stretching curve above the transition atransition width does not change significantly as the over-
F > Foersretch The fitted values ofP., are presented in stretching transition force is lowered, whereas at low pH the
Table 1, together with the elongation per base pair upomvidth increases by a factor of 5. We attribute this transition
melting taken at the transition midpoint according to Eq. 5.broadening to the growing flexibility of ssDNA at low pH
The fitted curves are then used to calculate the completassociated with its charge neutralization, and we are able to
DNA stretching profile according to Eq. 8. Two such fits for fit our data to a model in which only the persistence length
pH 3.5 and pH 6 are presented in Fig. 7. The overall fit isof the ssDNA is affected at low pH.

b(F) = O(F)by(F) + (1 — O(F))bs(F) ©)
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The data reported here support the interpretation of thenelting is possible. Under these conditions it is the enthalpy
overstretching transition as a melting transition rather than af the strand separation 6f15 kT per base pair, rather than
transition from B-form to a double-stranded S-form. High its free energy of-2 kT per base pair that should determine
and low pH have little effect on dsDNA and would not be the force of strand separation. As for any non-equilibrium
expected to change its secondary structure (Costantino amdpture force it should be rate dependent (Evans and
Vitagliano, 1966; Luck et al., 1970; Maiti and Nandi, 1986). Ritchie, 1997). The statistics of the events of the last bond
It is known from thermal melting studies of DNA (Birshtein ruptures should account for the longevity of the DNA inter-
and Ptitsyn, 1966; Lando et al., 1994; Record, 1967) that thetrand bonds at forces abo®g,c sireic ThiS theory is also
main protonation and deprotonation sites are accessible ongonsistent with early observations that the strand separation
on ssDNA and are the same ones that participate in hydraemperature for DNA in melting experiments is actually
gen bonding. Single-stranded DNA protonation occurs amuch higher than the melting temperature (Geiduschek,
the NH, amino groups of A, G, and C bases withpK 3.8,  1962).

2.9, and 4.6, respectively (Lando et al., 1994), whereas the In three upcoming papers (Rouzina and Bloomfield,
deprotonation sites are the -NH-CO- groups of the base®000a,b; Williams et al., 2001) we compare the force-
with pK, between 9.5 and 10.5 in high salt. induced DNA melting hypothesis to the B- to S-DNA

The melting nature of the overstretching transition is alsaransition hypothesis. There (Rouzina and Bloomfield,
supported by the hysteresis observed in the release part 2000a) we calculate the DNA force-extension curve assum-
the DNA stretching cycle. Under the conditions used foring the melting nature of the transition and using experi-
Fig. 2, the hysteresis generally does not extend farther thamental stretching curves of ds- and ssDNA. The calculated
halfway through the overstretching transition, whereas th&NA stretching curve superimposes on the experimental
rest of the overstretching curve is reversible. If the over-one with a highly reasonable choice of cooperativity param-
stretched form of DNA consists of two single strands, theneter. This does not exclude the possibility of a transition to
the increasing hysteresis at high pH can be explained by 8-form but suggests that B-DNA should be melted by forces
growing negative charge on the ssDNA as they deprotonaten the order of . sreich YWE also use all available data on
at high pH. Conversely, the absence of hysteresis observestDNA modeling as well as thermodynamic arguments to
in the low pH buffers can be explained by charge neutralshow that the B to S transition in dsDNA should occur at
ization and reduction of the mutual repulsion between thdorces almost an order of magnitude higher than the ob-
two strands. served overstretching force.

It has been argued (Smith et al., 1996) that the over- Recent experiments (Clausen-Schaumann et al., 2000)
stretching transition cannot be a melting transition becausbave demonstrated that the overstretching force decreases
a single DNA molecule can be stretched all the way througtwith increasing temperature. This is also consistent with the
the transition without breaking, even when the molecule igheory of force-induced melting presented here. However,
tethered on opposite strands, as is the case in this study.iti the work of Clausen-Schaumann et al. (2000), the data
was later shown (Hegner et al., 1999; Rief et al., 1999) thatvere interpreted as a melting transition only when the DNA
the force-extension curve of dsDNA at forces above thewas stretched at temperatures greater than room tempera-
overstretching transition has a quasi-plateau. The value diire. It was argued that a transition to S-DNA always occurs
the force in this plateau grows rapidly with the DNA pulling at 65 pN. Thus, if the DNA molecule is destabilized, as we
rate and reaches values that are up-totimes higher than have done in our study, it will melt during the overstretching
Foverstretch (Ri€f €t al., 1999). The authors suggested thistransition, but very stable DNA in high salt or at low
rate-dependent high force regime corresponds to DNA melttemperatures will undergo a transition to S-DNA and then
ing, although they attributed the equilibrium overstretchingmelt at the end of the transition during the rate-dependent
force plateau to a B- to S-DNA transition. This conclusion part of the stretch. A reviewer has suggested that the three
was in line with all of the previous interpretations of DNA central points in Fig. 6 form a plateau due to the occurrence
stretching experiments. of the S-DNA transition. However, there is no special

We believe, instead, that the rate-dependent part of theeason to expect the S-DNA transition to occur at 65 pN. In
dsDNA force extension curves abowe, e svetch COMe-  addition, it would be a remarkable coincidence if the S-
sponds to non-equilibrium rupture of the small number of DNA transition and the melting transition had such similar
intact inter-strand bonds that are left after the majority of theforce-extension curves.
bonds have melted during an equilibrium process in the In other new work (Rouzina and Bloomfield, 2000b;
course of DNA overstretching. These few bonds survive duéVilliams et al., 2001) we show that, in addition to the pH
to the one-dimensional nature of the DNA melting transitiondependence of . <iretcn the temperature dependence and
(Rouzina and Bloomfield, 2000a) and appear under condithe sequence dependencdQfqsiretcn the hysteresis of the
tions in which the strand unbinding is irreversible, such thatstretching curves, and effect of cross-linking on the salt
no thermodynamic equilibrium between the double- anddependence df,, . .reicrdll @rgue in favor of the universal
single-stranded forms of DNA required for conventional melting nature of the overstretching transition. Although we
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cannot completely rule out the S-DNA interpretation, weHolbrook, J. A., M. W. Capp, R. M. Saecker, and M. T. Record. 1999.

believe that our meIting interpretation provides a more Enthalpy and heat _capacity changes for formation of an oligomer_ic DNA
duplex: interpretation in terms of coupled processes of formation and

complete, unified, and predictive account of the available association of single-stranded helicBiochemistry38:8409—8422.
data. Of course, complete confirmation of this theory will konrad, M. W., and J. 1. Bolonick. 1996. Molecular dynamics simulation
still require more experimema| and theoretical work. of DNA stretching is consistent with the tension observed for extension
and strand separation and predicts a novel ladder strudtuken. Chem.
S0c.118:10989-10994.
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