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ABSTRACT The elastic response of single plasmid and lambda phage DNA molecules was probed using optical tweezers
at concentrations of trivalent cations that provoked DNA condensation in bulk. For uncondensed plasmids, the persistence
length, P, decreased with increasing spermidine concentration before reaching a limiting value 40 nm. When condensed
plasmids were stretched, two types of behavior were observed: a stick-release pattern and a plateau at ~20 pN. These
behaviors are attributed to unpacking from a condensed structure, such as coiled DNA. Similarly, condensing concentrations
of hexaammine cobalt(lll) (CoHex) and spermidine induced extensive changes in the low and high force elasticity of lambda
DNA. The high force (5-15 pN) entropic elasticity showed worm-like chain (WLC) behavior, with P two- to fivefold lower than
in low monovalent salt. At lower forces, a 14-pN plateau abruptly appeared. This corresponds to an intramolecular attraction
of 0.083-0.33 kT/bp, consistent with osmotic stress measurements in bulk condensed DNA. The intramolecular attractive
force with CoHex is larger than with spermidine, consistent with the greater efficiency with which CoHex condenses DNA in
bulk. The transition from WLC behavior to condensation occurs at an extension about 85% of the contour length, permitting
looping and nucleation of condensation. Approximately half as many base pairs are required to nucleate collapse in a
stretched chain when CoHex is the condensing agent.

INTRODUCTION

DNA undergoes ordered collapse, or condensation, in dilut&Vilson and Bloomfield, 1979). The discrepancy between
solution in the presence of multivalent cations such agheory and experiment is thought to arise from competing
spermidiné*, hexaammine cobalt(lll), and spermfiie condensation and aggregation reactions present in solutions
(Gosule and Schellman, 1976; Widom and Baldwin, 1980not infinitely dilute (Post and Zimm, 1982a,b). Under
Wilson and Bloomfield, 1979). The toroidal condensed statehighly dilute conditions in which overlap of molecular
is similar to the structure of packaged bacteriophage DNAdomains is negligible, fluorescence microscopy has been
and some of the physical interactions involved in DNA used to follow the collapse of single T4 bacteriophage
condensation, such as bending, entropy loss, and modific®NAs induced by multivalent cations (Yoshikawa et al.,
tion of coulombic interactions must also be involved in 1996a,b). These experiments showed that the transition was
DNA packaging in eukaryotic nuclei and prokaryotic nucle-indeed discontinuous at the single molecule level but con-
oids (see reviews by Bloomfield, 1991, 1996, 1997; Mar-tinuous for the ensemble average, thus unifying theory and
quet and Houssier, 1991). Theory predicts that DNA col-experiment.
lapse will involve an abrupt phase transition (Grosberg and The impetus for DNA condensation is generally thought
Khokhlov, 1994), the sharpness of which is augmented byo arise from attractive lateral interactions between adjacent
the inflexibility of DNA (Post and Zimm, 1979). Laser light helices generated upon binding a critical amount of multi-
scattering measurements of viral DNA collapse often yieldvalent cations. The favorable interactions may reflect the
continuous, albeit abrupt, transitions with respect to coninfluences of helix hydration (Arscott et al., 1995; Rau and
densing agent (Benbasat, 1984; Widom and Baldwin, 1980parsegian, 1992), helix secondary structure (Ma et al., 1995;

Reich et al., 1991) and/or electrostatic attraction through ion

correlation (Gronbech-Jensen et al., 1997; Marquet and
Received for publication 15 October 1999 and in final form 3 January Houssier, 1991; Oosawa, 1968; Rouzina and Bloomfield,
2000. 1996). Manning (1980, 1985), however, has put forth an-
C. Baumann’s current address: Department of Biology, University of York,0ther idea: that sufficiently neutralized DNA will crumple
Heslington, York Y010 5DD, United Kingdom. like an overloaded elastic column. This implies that the
M. D. Wang’s current address: Department of Physics, LASSP, 514 Clarimpetus for collapse arises from the unbalanced retractile
Hall, Comell University, Ithaca, NY 14853-2501. force exerted along the backbone of neutralized DNA,
S. M. Block’s current address: Departments of Biological Sciences anq.ather than from the lateral interactions between helices. In
Applied Physics, Herrin Labs 029, Stanford University, Stanford, CA ,, . . . .

this paper we use manipulations of single DNA molecules,

94305-5020. . .
Address reprint requests to Victor A. Bloomfield, Department of Biochem-at extensions that preCIUde intramolecular contacts, to test

istry, University of Minnesota, St. Paul, MN 55108. Tel.: 612-625-2268; these competing hypotheses.
Fax: 612-625-6775; E-mail: victor@tc.umn.edu. In previous work, our two groups, one at Princeton

© 2000 by the Biophysical Society (Wang et al.,, 1997) and the other a Minnesota-Oregon
0006-3495/00/04/1965/14  $2.00 collaboration (Baumann et al., 1997), used optical tweezers




1966 Baumann et al.

to study the effects of cations on the elasticity of single The Princeton group used a 3888-bp DNA molecule, which was PCR-
DNA molecules. We used different apparatus and diﬁerengmplifieq from the plasmid pRL574 as previously described (Wang et al.,
DNA: a plasmid containing 3888 basepairs (bp) in one case-227: Yin et al., 1995). The experimental buffer was NaiPaH 7,
. . . Containing 10 mM N& to which various concentrations of spermidine
and A bacteriophage DNA conta|n|rllg.48,502 bp in the yere added.
other. However, we obtained very similar results, notably
that the trivalent cations spermidine and hexaammine co-
balt(Ill), commonly used as DNA condensing agents, mark-Optical trap manipulations of single
edly increase the apparent bending flexibility (entropic elasDNA molecules
F'C'W) of DNA abov_e the supposed limiting value "’.‘Ch'eved In the Oregon apparatus, a biotinylatadDNA molecule was tethered
in high concentrations of monovalent salt. The increase@etween two streptavidin-coated polystyrene beads Arsdin diameter
bending is due to asymmetric shielding of the DNA phos-(Spherotech, Libertyville, IL). One bead was held by a micropipette (the
phate charge by multivalent ligands (Rouzina and Bloom-micropipette bead”) while the other was optically trapped. Two counter-
field. 1998 Stigter 1998) The force-extension curves a‘réwopalgaltlng laser beams generated the optical trap within a specially
" ' N . . designed fluid chamber, far100 um) from the chamber walls. The

well f't by a worm-like Chaj'n (WLC_) model, with a Ipwered tension of the DNA molecule was altered by moving the micropipette
persistence lengtR resulting from increased bending flex- relative to the trapped bead, and the relative extension determined from the
ibility. In those experiments we observed that at low stretch<distance between bead centers. The absolute extension was determined by
ing forces and under Condensing ionic conditions, individ-stretching each DNA molecule to the left and right of the trap; this was
ual molecules often deviated from WLC elastic behavior possible because the trapped bead can rotate and the micropipette bead
s . . . ~, 'cannot. The force acting on the molecule was inferred from the displace-
y'eld'ng_'nStead areversible force pIate.au which was att”b'ment of the laser beams on position-sensitive photodetectors, and cali-
uted to intramolecular DNA condensation. brated against the viscous drag on a bead using Stokes’ law (Smith et al.,

In this paper we report further investigations on the1996). All single molecule manipulations were conducted within a tem-
dependence of single molecule condensation on ionic corferature range of 22.2 to 22.8°C.

ditions and extent of stretching. We present results from our "¢ molecule was allowed to equilibrate at each extensiod &before
averaging the signal at the position detectors for 2 s. At the experimental

two groups tOgether Ina smgle paper, desplte SIgn'f'cam;nolecular extensions employed & 8-16 um), the slowest internal
differences in experimental details, so that we and OuUhormal modes of motion for DNA relax in <2 s (Quake et al., 1997). The
readers can critically examine the dependence of the resulfguse at each extension should thus be sufficient to allow the stretched
on these details. We find good correlation with the condi-chain to reach a pseudo-equilibrium. Each force-extengiex) fata point

tions for DNA condensation in solution. We find that in- was separated by 0.44 um, dictated by the gearing of the stepper motor
’ actuating the micropipette manipulator. The discrete movements of the

tramqlecmar Condensat'on can occur only when the DNA ISmcropipette subjected the tethered DNA molecule to a stretch/release rate
sufficiently relaxed that intramolecular loops can occur,<0.22 umis.

providing strong support for a lateral interaction rather than Thermal drift in a dual-beam force transducer is normally reset at zero
an elastic buckling mechanism. A first-order phase transi€very few minutes by removing all forces on the trapped particle and

. - : - : . . nulling the residual signal. In strong condensing solutions, however, some
tion explalns the discontinuous Change in force with eXtensmr{']ension must be constantly maintained on the molecule to prevent its

premature condensation. In such conditions, the DNA molecule was main-
tained stretched between trap and pipette along tvas, while the force

transducer was zeroed alongsitaxis. Data were then obtained by pulling
MATERIALS AND METHODS the molecule along theaxis, to both the right and left of the trap. A force
DNA, buffers, and multivalent cation solutions plateau was recognized as a constant force acting on the trap bead directly

toward the micropipette bead, which simultaneously satisfied the following

The Minnesota-Oregon group us&dNA. The 5-overhangs o DNA criteria: it was observed at fractional extensions where the entropic elastic
(methylatedc1857nd 1 Sam7, New England Biolabs, Beverly, MA) were response oh DNA was expected to be negligible; and it was independent
biotinylated with the Klenowexaenzyme (New England Biolabs) using of the spatial orientation (right vs. left) of the micropipette bead relative to
bio-11-dCTP (Sigma, St. Louis, MO), dATP, dGTP, and dUTP as de-the trapped bead.
scribed previously (Smith et al., 1996). Single-strand nicks were repaired The elastic response in ionic conditions where DNA condensation is
with T4 DNA ligase. After biotinylation and nick ligation, DNA stocks strongly favored was determined by exchanging the sample chamber
were stored in an EDTA-containing buffer. solution with either 25uM CoHex or 100uM spermidine in B buffer.

Monovalent salt buffer solutions were prepared using 100 mM cacody-These concentrations are about fourfold higher than required to induce
late, pH 7, buffer stocks (86.2 mM sodium cacodylate, 13.8 mM cacodylicmonomolecular condensation af DNA in bulk solution (Widom and
acid) supplemented with either 100 or 500 mM NaCl (total"Nancen- Baldwin, 1980; Wilson and Bloomfield, 1979). The sample chamber was
tration ~186 and 586 mM, respectively). Spermidine trihydrochloride flushed for 10 to 15 min with the solution of interest, while the molecule
(Sigma) and hexaammine cobalt (Ill) trichloride (Eastman), hereafter abwas maintained at an extension near its contour length. During the process
breviated CoHex, were utilized without further purification and prepared asof tethering a molecule between the two beads, extraneous molecules were
0.1-M stocks in deionized watep (= 12 MQ-cm). Final experimental often snagged on the beads. Thus, maintaining the primary molecule near
solutions were prepared before use by diluting the above buffer andull extension prevented unwanted secondary interactions with extraneous
trivalent cation stocks with deionized water. Background buffer (B buffer) molecules during buffer exchange. After complete buffer exchange these
is a low ionic strength monovalent buffer, diluted to 1 mM NaCl and 1 mM molecules collapse and do not interfere with the properly tethered DNA
cacodylate, pH 7; it is typically utilized for bulk condensation studies. molecule.
Complete buffer exchange between experiments was ensured by monitor- In the Princeton apparatus, an optical trapping interferometer, a DNA
ing the conductivity of the fluid chamber eluant. molecule biotinylated at only one end was tethered between a trapped
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avidin-coated polystyrene bead 0.p2n in diameter (Polysciences, War- Laser light scattering
rington, PA) and a stalledescherichia coliRNA polymerase complex
bound nonspecifically to the microscope coverglass surface (see Yin et allo comparex DNA condensation behavior in single molecule stretching
1995, for experimental details). Force-extension data were collected agxperiments with those in solution, total intensity laser light scattering
previously described (Wang et al., 1997) with individual molecules measurements were performed in Minnesota with a Lexel model 95-3
stretched/released at a rat®.1 um/s without pausing. argon-ion laser (Lexel Laser, Fremont, CA) operating at a wavelength of
These measurements were performed at a tether densityOdd2 488 nm and a power output of 100 to 200 mW. The laser beam was focused
tethersim?. (In the DNA stretching measurements the tether density wason a cylindrical scattering cell immersed in a thermostatically controlled
<0.003 tetherg/m?.) A tethered bead displayed Brownian motion with a (25°C) refractive index matching bath. Scattered light was detected with a
magnitude of~1.5 um diameter around its polymerase anchor. The ITT FW-130 photomultiplier tube, and the photocurrent generated sent to
spermidine concentration was raised gradually by flowing the same buffera Brookhaven Instruments model BI-9000AT correlator (Brookhaven In-
with a specific spermidine concentration, through the sample chamber. Thetruments, Holtsville, NY) after pulse amplification and discrimination.
extents of Brownian motion dfl = 16 tethered beads were examined. As The photon counts recorded per second were calibrated using benzene as a
the spermidine concentration increased, an increasing number of tetherégiference scatterer. DNA condensation was monitored at a scattering angle
beads displayed drastic reductions in their Brownian motions. A DNA of 90° using aA DNA molecular concentration of-3 pM (corresponding
molecule was considered to be condensed when its extent of Browniafp 9.5 10> mg/ml).
motion was<<0.5 um in diameter. The fraction of condensed DNAWas
counted at each spermidine concentration. The error bars were calculated

based on the binomial distribution/Nf(1 — f). RESULTS

Stretching single DNA molecules under
condensing conditions

Analysis of force-extension curves for WLCs The F-x curve of a singlex DNA molecule in the Oregon

The WLC model describes the behavior of a DNA molecule as interme-apparatus under various ionic conditions is plotted in Fig_ 1.
diate between a rigid rod and a flexible coil, accounting for both local

stiffness and long-range flexibility (Grosberg and Khokhlov, 1994). The

flexibility of the chain is described by the persistence lerigtthe distance

over which two segments of the chain remain directionally correlated. An 40 L L
interpolation formula that describes the extensiah ¢f a WLC with | éﬁ i
contour length_, in response to a stretching forEes (Bustamante et al., Contour length 1
1994; Marko and Siggia, 1995) 351 s
L .
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wherekg is the Boltzmann constant afids the absolute temperature. This
equation describes the entropic elasticity of a WLC, arising from the
reduced entropy of the stretched chaifi.{ < 0.97), and assumes the DNA

is inextensible. At the high force limit of Eq. /{, = 0.85-0.97),x
approaches, asF~ 2 (Bustamante et al., 1994; Kovac and Crabb, 1982; 100 yM spermidine + BB\D
Marko and Siggia, 1995); thus plots & %2 versusx yield L, upon 151

extrapolation to infiniteF, while P is extracted from the-intercept as F

2(P/kgT)Y2. Deviations from this behavior are observed at still higher |
forces, due to the stretching of the molecule beyond its theoretical (zero 10 25 M CoHex + BB\%

27T
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force) contour length, a regime termed enthalpic elasticity. This regime can r
be accounted for by using a stretch modulus as originally proposed by

: ; . 5F T i
Odjik (1995) and experimentally measured by Smith et al. (1996). g @mm o m @ UJ@%%

A modification of Eq. 1 that takes into account stretching of the DNA [0 0 © L0 dD ©PofOO° 1
at or slightly beyond full extension is 0" L
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FP 1( X F )-2 1 x F Extension (um)
== 1l—-+ i e 2
keT 4 Lo Ko 4 L Ko ( ) FIGURE 1 Response of single DNA molecules to an applied force
with condensing concentrations of the trivalent cations CoHex and sper-
whereKj is the stretch modulus. In general, the Minnesota-Oregon groupmidine. The molecule in the low monovalent salt background buffey (
used Eq. 1 to analyze data anDNA, whereas the Princeton group used displayed low and high force entropic elasticity indicative of a WLC with
Eq. 2 to analyze data on plasmid-length DNA. There was little differenceP = 95 nm and., = 16.5um (solid curvg. Upon addition of either 2aM
in the derived values df, or P regardless of which equation was used. CoHex () or 100 M spermidine Q) to this low monovalent salt buffer,

For F-x curves obtained witih DNA under condensing conditionP, A DNA molecules displayed high force elasticity indicative of a WLC with
was extracted from the high force entropic elasticity{3 = 15 pN) of increased chain flexibility® < 50 nm). Near three-fourths extension=
individual A DNA molecules after replotting the dataBs*?vs.x. At F > 13-14um), an abrupt loss of WLC behavior occurred, replaced by a force
5 pN the replotted data were linear and not affected by the retractile forc@lateau (1-4 pN in magnitude) which was reproducible during both stretch
(see below). AF > 15 pN the replotted data deviated from linearity due and release cycles. Thertical broken linerepresents the B form contour
to enthalpic elasticity and were omitted from the WLC analysis. length of A DNA.

Biophysical Journal 78(4) 1965-1978



1968 Baumann et al.

The elastic response in B buffer, containing just monovalenkEg. 1 can be seen due to the enthalpic elasticity of the DNA
cations and thus not causing condensation, yields from thmolecules at large forces. Fitting the entiFex curves
high force limit of Eq. 1 a WLC with a persistence length of according to Eq. 2 yielded the DNA elasticity parameters in
95 nm and a contour length of 16.8n, in accord with our  Table 1. As the spermidine concentration was increaBed,
previous results (Baumann et al., 1997). decreased and reached a plateau. This trend inversely cor-
The elastic response was then recorded under ionic comelates with the fraction of charges neutralized on the DNA
ditions where DNA condensation would be strongly favoredbackbone (Fig. 2), indicating that the persistence length of
by addition of trivalent cations (see below). Fig. 1 showsDNA decreases with increasing neutralization of the DNA
data for molecules in the presence of 28 CoHex plus B backbone charges.
buffer, and 10QuM spermidine plus B buffer. At nearly full Force-extension curves were also measured with con-
extensions, th&-x curves rose more rapidly than in mono- densed plasmid-length DNA. Two distinctive types of
valent buffer alone as — L, indicating increased flexibil- curves were observed, stick-release and plateau. Eleven of
ity, i.e., a reduced persistence length (12—26 nm for CoHex5 curves showed stick-release patterns (Fig),3n which
and 25-38 nm for spermidine, compared with 50 nm forthe DNA began with a given stiffness and apparent contour
high concentrations of NaCl). The extension was then delength, and then slipped into a different stiffness and con-
creased, and near three-fourths maximal extensior= ( tour length. The slip happened frequently (typically 2 to 6
13-14um), stretchedh DNA molecules abruptly departed times) during the stretch phase, to a variable degree, usually
from WLC behavior, yielding a retractile force of constant on the order of 100—-150 nm, and with a variable peak force,
magnitude (1-4 pN). The force remained constant down tasually on the order of 5-15 pN. Thex curves preceding
the shortest molecular extensions probees(8 um). Data  the four force peaks in Fig. B represent polymers of
were not collected below this extension to prevent potentiatiecreasing stiffnesp (= 24, 19, 18, and 11 nm, from left to
bead-DNA entanglements under condensing solution corright, as calculated from Eq. 2, with the completely
ditions. This abrupt departure from WLC behavior wasstretched polymer possessing a stiffness identical to an
reproducible during both stretch and release cycles. uncondensed DNA tetheP(=~ 40 nm). The mechanism of
The Princeton group measured the force-extension relahis apparent persistence length change is unclear. During
tion for plasmid-length DNA molecules at relatively high the relaxing phase, we observed hysteresis and no stick-
spermidine concentrations>@00 uM), where most of the release behavior. This phenomenon mimics that of titin
DNA molecules are condensed and only a small fractionRief et al., 1997) and tenascin (Oberhauser et al., 1998)
were not condensed. The behavior of plasmid-length DNAstretching, and may correspond to one or more turns of
with the Princeton apparatus was similar to thah ddNA DNA in a coiled, condensed structure being released sud-
in the Oregon apparatus for those molecules that did nadenly during a stick-release. However, the possibility can-
condense at a given spermidine concentraffercurves of  not be excluded that they are due instead to the sticking of
uncondensed DNA displayed the same characteristics d&3NA to either the glass coverslip or the trapped micro-
those measured in the absence of spermidine. Fig. 3 sphere. A subtle feature of the stick-release pattern is that
shows an example of these curves. Data (solid dots) witlthe maximum force increases with extension. If these peaks
F < 5 pN were well fit with Eq. 1P = 38.25 nm and_, = represent the unpacking of DNA from a coiled structure,
1324 nm. For data witlFr > 5 pN, a slight deviation from then the liberated DNA regions are sorted by unpacking

TABLE 1 Measured DNA elastic parameters with various ionic conditions

Buffer composition P (nm) Ko (pN) Lo (nm)

Plasmid DNA

10 mM Na" 47.4+ 1.0 (14) 1008+ 38 (10) 1343+ 5 (10)

10 mM Na" and 10uM Spdf* 40.7+ 1.4 (11) 1166+ 114 (6) 1335+ 5 (6)

10 mM Na" and 100uM Spc* 38.7+ 1.0 (8) 1202+ 83 (5) 1313+ 2 (5)

10 mM Na" and 200uM Spd®* 40.6*+ 1.1 (8) 1253+ 13 (3) 1318+ 12 (3)

10 mM Na" and 300uM Spd** 38.9+0.8(2) 1070+ 158 (2) 1333+ 11 (2)
A DNA

1.86 mM Na' 86.2+ 4.9 (7) 16,748+ 76 (7)

1.86 mM Na~ + 25 uM CoHex 14.8+ 1.4 (3) 16,909+ 133 (3)

9.3 mM Na" + 25 uM CoHex 15.0 16,845

186 mM Na" + 25 uM CoHex 51.5 16,688

1.86 mM Na + 100 uM Spd* 32.4 16,742

9.3 mM Na" + 100 uM Spcf+* 44.8 16,674

186 mM Na + 100 uM Spd* 48.0 16,621

186 mM Na' 54.1+ 3.3 (3) 16,745+ 82.4 (3)

For cases in which more than one DNA molecule was measured, the table givestn&arfnumber of molecules).
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FIGURE 2 Persistence lengthj as a function of spermidine concen- 28
tration for single, uncondensed plasmid-length DNA tethers stretched using "
the Princeton apparatus. This figure illustrates that the persistence length of 24 |- Plateau
DNA decreases as the charge on the DNA backbone is neutralized. Frac- __ 20+
tion of charge neutralized was calculated using counterion condensation %_ 16
: R ) = 42
theory (Manning, 1978; Wilson and Bloomfield, 1979). g L Stretch ouf
3]
w4
. . . o 0 ] 1 I 1 1 )
force, rather than position in the DNA chain. This disfavors 0 100 200 300 400 500 600

desorption from a surface as the explanation for the stick-
release pattern, but it also implies that the condensed plas-

mid forms several independent condensed globules alignetGURE 3  Stretching plasmid-length DNA tethers at condensing con-
in series. ditions where the [spermidine}200 uM. (A) Uncondensed molecules

In four of 15 curves. force-extension curves with a p|a_displayed force-extension curves characteristic of a worm-like chain. Data

teau were observed. Fig.@shows a plateau at20 pN of atF < 5 pN was well fit by Eq. 1, yieldind® = 38.25 nm and_, = 1324
) : nm (solid ling). Force-extension curves for condensed DNA molecules

force that was present during both the stretch and releasgsowed two distinct behaviorsB) Most of the curves showed a stick-
The plateaus are reminiscent of the overstretching behavigélease pattern. Here the DNA molecule begins with a given stifiness and
of DNA (Smith et al., 1996). This plateau may be due to anapparent contour length, and slips into a different stiffness and contour
interaction between two or more condensed DNA tetherglength, with a variable degree of slip (100-150 nm). Thex curves

. . . e receding the four force peaks represent polymers of decreasing stiffness
i.e., multiple, overlapping stick-release patterns lead td(oP 24, 19, 18, and 11 nm from left to right), with the completely

force plateau, as was observed when multiple spectrin tetr'éTretched polymer possessing a stiffness identical to an uncondensed DNA
ers were unfolded by stretching (see Fig. 4 of Rief et al.tether @ = 40 nm). During the relaxing phase, the DNA shows no
1999), stick-release behavior, but tHex curve displays hysteresisCY A few

DNA tethers show a force plateau behavior during both stretch and release.
The F-x curve displays a plateau-@0 pN) where little or no additional
force is required for increased extension.

Extension (nm)

Dependence of single molecule condensation on
ionic conditions

If the force plateau arises because of intramolecular DNA To determine if the observed force plateau was sensitive
condensation, then the same sensitivity to counterion vato monovalent ionic strength, the elastic response DNA
lence and monovalent ionic strength should be observed as 25 uM CoHex (Fig. 4) and 10«M spermidine (Fig. 5)

is seen in bulk condensation. As a first test, neither A8  was measured as a function of NaCl concentration and
Mg?* nor 100 and 20QuM putresciné® induced a force plotted asF~*? versus fractional extensiory (= x/L,)
plateau withA DNA at low molecular extensions, although according to Eq. 1F-x data plotted in this manner highlight
approximately twofold decreases in persistence length werkoth the dependence of the force plateau on NaCl concen-
observed (Baumann et al., 1997). Thus divalent cationgration and the high force WLC entropic elasticity from
cannot induce a force plateau, just as they cannot inducehich the persistence length was extracted (Baumann et al.,
bulk DNA condensation in agueous solution (Widom and1997). Individual molecules abruptly deviated from WLC
Baldwin, 1980; Wilson and Bloomfield, 1979). behavior at fractional extensiors0.85 for NaCl concen-
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FIGURE 4 Effect of monovalent salt on the entropic elasticity of single
A DNA molecules in 25uM CoHex. At [NaCl]= 1 (O) or 5 mM (J) and
fractional extensions (0.85, DNA displayed an abrupt loss of WLC
elasticity @rrow). Below this extension, a force plateatr4 pN) was
observed during stretch and release cyckaskied ling At fractional
extensions>0.85 these molecules displayed WLC behavior consistent with
a decreased persistence length (P). The plateau was not observed wi : .
[NaCl] = 186 mM (A): instead, the expected high monovalent salt WLC a decreased persistence lendth The plateau was not observed with

. . ; . ) l}laCI] = 186 mM (1), instead the expected high monovalent salt WLC
behavior was obtained at low extensions. The entropic elastic response . . . . .
WLC (solid lineg with P = 25 and 50 nm are provided as a comparison ehavior was obtained at low extensions. The entropic elastic response of
" WLC (solid lineg with P = 35 and 50 nm are provided as a comparison.

FIGURE 5 Effect of monovalent salt on the entropic elasticity of single
A DNA molecules in 10QM spermidine. At [NaCl]= 1 (O) or 5 mM ()

and fractional extensions (0.8, DNA displayed an abrupt loss of WLC
elasticity @rrows). Below this extension, a force plateau (0.5-1 pN) was
observed during stretch and release cychissiied lines At fractional
Iet?§tensions>0.8, these molecules displayed WLC behavior consistent with

trations of 1 and 5 mM. The force plateau below this oregon apparatus). These valuesVifare in reasonable
extension was constant in magnitude and reproducible duizccord with osmotic pressure-volume measurements of the
ing both stretch and release cycles. As the NaCl concentrantermolecular force provoked by CoHex in bulk condensed
tion was increased at a constant CoHex or spermidingyNA (—0.17 kT/bp; Rau and Parsegian, 1992), and with
concentration, the force plateau disappeared and the egheoretical estimates of the attraction due to correlated ion
pected low force WLC entropic elasticity returned, as de<jyctuations of bound counterions-0.34 kT/bp; Marquet
scribed below. and Houssier, 1991) and hydration forces0(12 kT/bp;
Bloomfield, 1991) in condensed DNA.

Magnitude of condensation force

The magnitude of the force plateau depended on the trivaeorrelation of chain flexibility and appearance of
lent cation utilized, with strongly condensing concentrationsforce plateau

of CoHex yielding a higher maximum force-¢ pN) than f intramolecular side-by-side segment contacts are required
spermidine ¢-1 pN). If the force plateau seen at fractional for the collapse of a stretched DNA chain, then collapse is
extensions<0.85 is associated with DNA condensation, the predicted to correlate with the first short-range intramolec-
plateau presumably represents the fdfgceequired to con-  yjar contacts, i.e., the first intramolecular loops. By defini-

vert condensed regions of the DNA chain to an extendegion, a fully stretched chain cannot loop back on itself, and
form. The workwW done during a change in DNA extension the probability of intramolecular contacts in a somewhat

of magnitudeAx from X, to x; is relaxed chain will increase both with decreasing relative
y extension and with increasing chain flexibility. For a given
W= Fdx = F,Ax 3) chain, erX|p|I|ty increases with the number of stat|_st|cal

segments in that chain, e.g., the number of persistence

X1

lengths in a WLC. Thus, one would expect that the frac-
This yieldsW ~ 0.083kT/bp for spermidine andlV ~ 0.33  tional extension at which a molecule deviates from WLC
kT/bp for CoHex, assuming a B-helix rise per bp of 0.338behavior ¥.,;) increases with the number of persistence
nm (Saenger, 1984) ankk = 0.44 um (the length of DNA  lengths in the chain (equivalent kg divided byP for each
released or condensed during a change in extension for ttehain). Values ofy,;; were obtained by comparing experi-
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mentalF-x curves with calculated curves for an ideal WLC ture from WLC behavior occurs is correlated with increased
generated using Eq. 1 with extracted from the high force chain flexibility, i.e., increases in the number of persistence
entropic elasticity. In Fig. 6 are plotted the number oflengths (Fig. 6).

persistence lengths in each DNA chain vergyg for sev- In the Appendix we develop a theoretical treatment of
eral A DNA molecules displaying a force plateau. As ex- intramolecular looping in a polymer chain under tension. It
pected, there is a strong correlatian= 0.95). Thus chain shows that significant intramolecular contacts can be
flexibility influences the onset of the force plateau, consis-formed only when the chain is no more than 75-80%
tent with a requirement for short-range segment-segmergxtended, in reasonable agreement with our experimental
interactions in a DNA molecule before intramolecular col-results. While the argument is developed for a random coil
lapse. The values of,; in CoHex are consistently larger rather than a WLC, the conclusions should be similar for a
than those in spermidine, showing that stretched DNAlong WLC, such ass DNA, that contains many persistence
chains collapse at larger extensions in CoHex, i.e., requiréengths.

less molecular slack. This is consistent with the grekter
measured in CoHex.

Under ionic conditions that would normally cause con-
densation, but at fractional extension§.85 at which side-
by-side interactions are unlikelyy DNA molecules dis- Total intensity laser light scattering measurementsiof
played entropic elasticity indicative of a WLC, with— 1  DNA condensation were conducted under ionic conditions
asF~ 2 as shown in Fig. 4 for 2uM CoHex and in Fig. identical to the single molecule stretching experiments, to
5 for 100 uM spermidine. Significant changes in the high determine if the conditions for occurrence of the force
force entropic elasticity ok DNA, as manifested in the plateau were the same as those for collapse in bulk solu-
persistence length, were induced by varying the NaCl contion.The increase in scattering intensity indicative of DNA
centration (Table 1). In 1 mM NacCl, persistence lengthscondensation, i.e., excess scattering above uncondensed
were considerably above the high monovalent salt limit ofDNA in low monovalent salt buffer, observed in both 25
~50 nm (Hagerman, 1988). As [NaCl] was increased, theuM CoHex and 100uM spermidine (Fig. 7A) correlates
persistence lengths approached that limit, indicating comperfectly with the appearance of the force plateau in single
petitive binding between the multivalent and monovalentmolecule experiments (Fig.B) as the ionic composition is
counterions at the highly charged surface of DNA. Whethewaried. Increases in scattered intensity are consistent with
or not the force plateau appears does not depend on inke conversion of individuak DNA chains from a weakly
creases in chain flexibility, i.e., decreases in the persistencscattering coil state to a strongly scattering condensed par-
length. However, the extension at which the abrupt departicle with a radius~50 nm. The presence of toroidal parti-

cles with this size in the condensed samples was verified
using transmission electron microscopy (data not shown).

Bulk measurements of DNA condensation

1600 e These results strongly suggest that the force plateau at
i | low extensions is attributable to intramolecular DNA con-
1400 - ° | densation. However, at neutral pH, the streptavidin-coated
polystyrene beads (SPB) tethered at the endsDNA are
@ 1200 - | negatively charged (streptavidin pl 5); thus, the plateau
= could arise from nonspecific interactions between SPB and
§ 1000 - i A DNA mediated by bound trivalent cations. This possibil-
8 ity was explored by cocondensing mixtures of SPE)(034
k5 800 - | pM) and unbiotinylated DNA (~3 pM) using both 25uM
2 CoHex and 10QuM spermidine in B buffer. The reactive
&"_’ 600 - | SPB surface area availablexdNA under these conditions
] is ~400-fold larger than the total DNA surface area, assum-
400 - 1 ing all surfaces are uniformly reactive. After incubation for
| 4 to 24 h at 25°C, the SPB were selectively pelleted by
200 centrifugation (7740< g) and the extent of DNA collapse
076 0.78 08 082 084 086 088 measured using laser light scattering as described above.

Fractional Extension The scattering intensity after centrifugation was nearly iden-
tical to controls without added SPB, indicating that the
FIGURE 6 Correlation between the number of persistence lengths "‘Lrivalent cations do not mediate nonspecific interactions
stretched\ DNA molecules and the fractional extension at which the force
plateau arises. A linear correlation coefficient0.95 was obtained for all betwee_n SPB and DNA. Therefo_r_e the force pla_teau ca_n not
data obtained in the presence of 251 CoHex @) and 100uM spermi- D€ attributed to strong nonspecific bead-DNA interactions

dine ©). under condensing solution conditions.
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FIGURE 8 Condensation of DNA tethers in the presence of spermidine.
This graph plots the fraction of DNA condensed as a function of the

- spermidine concentration added to the 10 mM NabR8H 7 buffer. It
T T S demonstrates that DNA tethers condense at a spermidine concentration of

34 2 1 0 1 2 3 4 5 ~200 mM.
log ([ligand®] / [Na*]?)

FIGURE 7 Dependence of laser light scattering intensity and retractiemeasured in 10 mM NaCl are very similar, and both groups

force on NaCl concentration with 25M CoHex @®) and 100uM sper- —yqarye similar decreasesPwith added MG* and sper-
midine ©). The NaCl concentration was varied at fixed trivalent cation midine®*

concentration, and plotted as the log([trivalent ligand])/[{f&. (A) The ) . )
increases in laser light scattering intensityl {..«ere) Observed with Co- The observations are rather different with regard to the

Hex and spermidine are consistent with the transitiod @NA from a  force-extension behavior that is observed when relaxed
weakly scattering coil to a strongly scattering collapsed particle. Error barf)NA molecules are subject to ionic conditions that cause

represent the standard deviation of three measuremeBjtsThe force DNA condensation. The Minnesota-Oregon group observed
plateau, observed as a retractile force, at fractional extensions (0.6 is )

plotted as a function of NaCl concentration. Increasel i, ;erefc0INCide a constant force plateau at 1 to 4 pN during both the

with the appearance of the force plateau in single DNA molecules. stretching and relaxing cycles under condensing solution
conditions, whereas the Princeton group observed stick-slip
behavior with a plateau near 20 pN. Both groups agree that

Similar results connecting single-molecule and bulk con-the reversible, constant force behavior is most likely to

densation were obtained with plasmid-length DNA tethergepresent the “pure” behavior relevant to DNA condensa-

(Fig. 8). As the spermidine concentration was increased, thtton. However, the collapsed tethers in the Princeton assays

fraction of condensed DNA, as measured by the Browniarseem to have some kind of structure that could be the target

motion of the tethered molecules, also increased. The critef future investigations.

ical concentration for condensation was around 200

under the buffer conditions used. This critical concentration

is very similar to what has been observed with light scat-Collapse is the result of lateral interactions, not

tering measurements under similar buffer conditions. elastic buckling

The trivalent cations CoHex and spermidine strongly influ-
DISCUSSION ence the elasticity of individual DNA molecules. At high
forces and extensions, the entropic elasticity of individual
molecules was characteristic of a WLC with a persistence
Results from both of our groups, with different DNA sam- length two- to fourfold less than in the background low
ples, buffers, and instrumentation, show both similaritiesmonovalent salt buffer. As forces and extensions are low-
and differences. The similarities are strong with regard tcered, under conditions favoring condensation in bulk, indi-
dependence of persistence length on ionic strength anddual DNA molecules deviate abruptly from WLC behav-
multivalent ion content (Table 1). The persistence lengthsor. Below this point a force plateau of constant magnitude

Comparison of results from the two laboratories
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is observed witm DNA, which is reproduced during both a first-order phase transition. The transition is observed as a
stretch and release cycles. discontinuous change in force with extension, representing
We postulate that the force plateau induced by these regime where collapsed and uncollapsed regions of the
cations arises from intramolecular DNA condensation. Thechain coexist. The force plateau observed in the elastic
following observations buttress this interpretation: (i) theresponse of single DNA molecules under condensing solu-
plateau occurs in the presence of the trivalent cations Cadion conditions exactly follows this predicted behavior.
Hex* and spermiding”, known condensing agents in First-order behavior implies that collapse is nucleation-
aqueous solution (Widom and Baldwin, 1980; Wilson andlimited (i.e., requires formation of a nucleus of attractively
Bloomfield, 1979), but not with the divalent cations fg interacting segments), which in turn stipulates lateral con-
and putrescine’, even though these ions reduce the persistacts. This interpretation is in complete agreement with
tence length (which would seem equivalent to elastic buckfecent fluorescence microscopy experiments, where the
ling); (ii) the ionic conditions required to induce the force first-order intramolecular collapse of single viral DNA mol-
plateau are consistent with those needed to induce a criticalcules was observed in the presence of multivalent cations
degree of charge neutralization before DNA condensatiorfYoshikawa et al., 1996a,b).
(Wilson and Bloomfield, 1979); and (iii) light scattering  The theoretical work of Post and Zimm (1979) dealt with
increases that accompany DNA condensation in bulk soluthe contributions of both chain flexibility and favorable
tion coincide with a loss of WLC behavior and the appear-segment-segment interactions to monomolecular DNA col-
ance of the force plateau in single molecule experiments.lapse. Using Flory-Huggins polymer lattice theory, they
A buckling theory, based on elastic theory for macro-predicted that collapse would involve a first-order transition
scopic rods, predicts that the intrinsic elastic instability ofat a critical segment density (dependent on P) gnthe
neutralized DNA drives collapse (Manning, 1980, 1985). InFlory polymer-solvent interaction parameter (Post and
this model, stable lateral contacts are a consequence &imm, 1979). For a more flexible chain (shorter persistence
buckling, rather than the source of nucleation as proposeténgth), the discontinuous change in polymer volume ac-
below. If lateral contacts are not required for collapse, thecompanying collapse occurs at a lower valueyofiower
buckling should manifest itself in stretched DNA moleculescation concentration). These predictions are in good agree-
at or near their contour length, where lateral contacts can nahent with the putative first-order transition seen here in
occur. This does not occur in our experiments. FurthermoresingleA DNA molecules, and the four- to sixfold efficiency
the polyelectrolyte force that prevents buckling is predictedof CoHex over isovalent spermidine as a condensing agent
to vary roughly as the logarithm of added monovalent salt ain bulk solution (Benbasat, 1984; Thomas and Bloomfield,
a constant trivalent cation concentration. If our force plateaul983; Widom and Baldwin, 1980).
were due to buckling it should display a similar dependence
on monovalent salt. This dependence is not observed (seﬁ leati £i lecul I .
Fig. 7 B). Instead, there is an abrupt transition when a ucleation o mtrar_no ecular coflapse In a
critical total charge neutralization of the DNA is reached asstretched DNA chain
calculated according to counterion condensation theoryhe solution conditions favoring DNA condensation may be
(Manning, 1978; Wilson and Bloomfield, 1979). The ex- thought of as a poor solvent for DNA, one in which seg-
perimental results obtained here argue against buckling asent-segment interactions are favored over segment-sol-
the source of DNA condensation. vent interactions. Thé-x response of a single stretched
An alternate theory (Halperin and Zhulina, 1991) describ-polymer chain in a poor solvent has been treated theoreti-
ing the F-x response of a single polymer chain in a poorcally (Halperin and Zhulina, 1991). Three deformation re-
solvent predicts that intramolecular collapse will occur onlygimes are predicted as a function of extension, due to an
in the presence of appreciable lateral contacts. Solutiomterplay of the entropic elasticity of the uncollapsed chain
conditions favoring DNA condensation can be thought of asand the surface energy of the collapsed globule. First (re-
poor solvent conditions for DNA. At a fixed extension, the gime 1), at low extensions (extension less than the radius of
probability of short-range lateral contacts or loop formationcollapsed globule), the collapsed globule is weakly per-
will increase with increases in chain flexibility (decreases inturbed by increases in extension. At intermediate extensions
the persistence length of a WLC). We observe that the exagtegime 1), collapsed and uncollapsed regions of chain
extension where the loss of WLC elasticity occurs is pro-coexist and the force is predicted to be roughly independent
portional to chain flexibility (inversely proportional to the of changes in extension. At large extensions (regime III),
persistence length). This strongly suggests that the loss dfie intrinsic entropic elasticity of the stretched chain is
WLC behavior requires intramolecular contacts. observed. The extension at which the elastic behavior in-
According to the above theory (Halperin and Zhulina, terconverts between regimes Il and Il is that at which the
1991), a stretched polymer chain in a poor solvent willrepulsive force acting on the stretched polymer chain bal-
collapse when the attractive free energy favoring collaps@nces the attractive force favoring collapse. If stretching
exceeds the free energy of the stretched polymer, leading toccurs continuously, thi§-x behavior resembles a first-
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order transition, such as that between a gas and a liquid, G, must overcomeG,,. if collapse is to occur in a
with extension analogous to volume and force to temperastretched DNA chain. The high force elasticity oDNA is
ture. In our work, regime Il would coincide with the exten- well described by a WLC model; therefore, we assume the
sions where the force plateau is observed, and regime lliree energy o\ DNA when stretched is equivalent to that

would represent the high force WLC elasticity. of a WLC, given by (Bustamante et al., 1994)
Our model for such a first-order transition in a stretched
A DNA molecule is presented in Fig. 9. In regime Il (Fig. Guey) Loy vy 1 1
9 A), the elastic free energy of the stretched chay,) KT P[Z “atai-y a (4)

exceeds the magnitude of the net attractive (negative) free
energy favoring nucleation of the condensed ph&&gd. G represents a sum of both repulsive (bending, mixing,

At these extensions thermal motion may create temporaryj ejectrostatic forces) and attractive (ion correlation, helix

slack, enabling loops to form and side-by-side association tQgondary structure perturbations, and hydration forces)
occur; however, the collapsed nuclei formed would be un-

, -~ “contributions. Upon collapse, the bending free energy
stable. At the boundary between regimes Il and Il (Fig. 9
B), —G,.c = G, and collapse would occur via a stable
nucleus, consuming all available molecular slack. The mo-
lecular slack present when the force plateau arises is
roughly equivalent to the length of DNAL) required to o
nucleate collapse in the stretched chdifig = 1 — y,,,).  and the mixing free energy
In regime Il (Fig. 9C), molecular slack generated would
coalesce with the condensed phase. At these extensions Gn L 6
collapsed and uncollapsed regions of the chain coexist: the KT P ©)
metastable DNA chain is caught in the middle of a phase
transition. Below we estimate the magnitude @f,. in  would make positive contributions 1G,,,. HereL is the
order to predict the extension at which intramolecular col-length of DNA involved in nucleation ang is the radius of
lapse will occur, i.e., the extension where WLC behavior iscurvature for a toroidal nucleus. The residual unscreened
lost. charge of DNA will repel neighboring segments and will
also contribute a positive free energg to collapse.G,
was estimated previously to be0.06 kT/bp using two
parallel polyanionic rods with 89% of their charge neutral-
Gnuc < Gwic ized by counterion condensation to represent condensed
DNA (Bloomfield, 1991). In order to estimate the extension
at which A DNA will deviate from WLC behavior, the

G, LP
KT 2 ©)

40 following assumptions are made: (i) the critical radius of the
Gnue = Gwic Ay toroidal collapse nucleus is assumed equivalent to the per-
30 sistence lengthr( ~ P). This is consistent with our previous
% experimental observations (Plum et al., 1990); and (ii) the
120 ,g. attractive component d&, . (G,) is assumed equivalent to
4 L multiplied by —W (Eg. 3), whereW ~ 0.1 kT/bp for

spermidine and+= 0.3 kT/bp for CoHex.
The values ofG,, . obtained as a sum &,, G,,, G,, and
G, are tabulated in Table 2 for 25M CoHex and 10QuM
0e oa ne oe1° spermidine in 1 mM NaCl. We observe that the calculated
Fractional extension values ofG, .~ G, at the fractional extension where the
force plateau arises in our experiments. The free energy of
a stretched WLC (Eg. 3), calculated Br= 17 and 40 nm,

constrained by force-measuring optical tweezeh3. At fractional exten Is plOtted in Fig' 10 as a function of fractional extension.
sionsy >y, the free energy of the stretched DNA cha@,f.) exceeds Calculated data pomts _repres@uc fro_m Table 2 fora .
the nucleation energy for collaps&,(,). (B) At y = y.., characterisic ~DNA molecules displaying a reproducible force plateau in
high force WLC elasticity €olid ling) is lost; G, overcomesG,,. and 25 uM CoHex and 100uM spermidine. Extrapolation to
collapse occurs via a stable nucleus consuming all available moleculaghe x axis yieldsy,,; values identical to those observed
slack. €) At y < Y, molecular slack generated coalesces into the oy narimentally. These estimates show that the molecular
condensed phase. The force plateay 4ty.,;; (dashed lingrepresents the . . . .

work required to remove the condensed higher order structure from thgl_aCk present at fractional e_XtenSIOﬁSYC”t IS ConSISten_t
DNA chain. For theF-x data plottedy,,, = 0.85. This diagram is not ~With the length of DNA required to nucleate collapse in a
drawn to scale. stretched DNA chain.

-
o

FIGURE 9 Model for a first-order transition in a DNA molecule
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TABLE 2 Thermodynamic contributions to intramolecular collapse in a stretched DNA molecule

Solution
Condition L (bp)* P (nm) GykT G/KT GJKT G/KT GhudKT Guc/KT"
25 uM CoHex 7280 17 73 146 437 —-2184 —1528 1520
100 uM spermidine 12100 40 52 103 726 —-1210 -329 348
*L = (1 = Yerd) (48,502 bp).
TCalculated using Eq. 4.
Differences between CoHex and spermidine haps the more stable interstrand forces we observe in single

. . . DNA molecules condensed by CoHex also contribute to the
We have shown t_hata3|mple nucleation ”FOd_e' forlntrar_no'efficiency of this ion as a condensing agent. However,
lecular pollapse n a stretched D.NA chaln,_mcorpqratmgosmotic stress measurements with spermidine and CoHex
appro_prlate attrac_non and repulsion terms, is SUff'C'eT‘F to uggest that these ions induce similar intermolecular forces
explain the magnitude of the force plateau and the crltlcaf-

. A ) ~““Ainterpreted as hydration forces) in bulk condensed DNA
extension where .WLC behavior is lost (F'g'_ 0. De;watlon (Rau and Parsegian, 1992). Because the two cations bind to
from WLC behavior occurs at larger extensions with con-

. : ) - DNA with similar affinity and monovalent salt dependence
densing concentrations of CoHex than with spermidine. W y P

) . - . ; ?Braunlin et al., 1982; Plum and Bloomfield, 1988), the
interpret this to mean that the critical number of interactions o r.ances must reflect ion-specific effects on ion correla-

between base pairs_ that Is reqL_Jired to nucleate coll_apse inthn and/or local DNA secondary structure. Furthermore,
stretched DNA chain is less with CoHex. The requirement, . oo driving collapse in a single DNA chain may

for a smaller nucleus with CoHex as the condensing COL.ml'ncIude additional influences which are not observed, or

terion may be a result of the larger reduction in the PErsis.  tribute only weakly, to the stabilization of bulk con-

tence length. This reduction would decrease the VOI“m‘aensed DNA. Intramolecular looping might be one such
occupied by the DNA molecule, thus increasing the Iocalimcluence

concentration of DNA segments and the probability of
intramolecular contacts through a reduction in search space.
The force plateau observed with CoHex is ConSiStenﬂM:ree po[ymer ends not required for co"apse
greater than that seen with spermidine. This implies that the ) .
strength of the intramolecular forces within CoHex-con-A €thered DNA molecule is analogous to a chain without
densed DNA is also larger by an equivalent amount. Pertr_ee ends. Theory predicts that nuclea_tlon of collapse in a
single heteropolymer such as DNA will proceed from an
end (Ostrovsky and Bar-Yam, 1995). Our results show that
10000 £ polymer ends are not required for intramolecular DNA
g collapse. Nucleation in a stretched chain probably involves
DNA looping to form the necessary lateral contacts required
to initiate collapse. This does not speak to the question of
whether collapse from an end is favored in unconstrained
linear polymers, although some results from our laboratory
(Schnell et al., 1998) suggest that this is the case.

Free energy/kT

Implications for biological processes involving
DNA unpackaging

The unspooling of condensed DNA by piconewton forces
may have important implications for the energetics of bio-

0.01 . A A logical processes involving DNA unpackaging. For exam-
“'0 0610203 0405060708 09 1 ple, research on chromatin loops suggests that transcription
Fractional extension involves the sliding of template DNA past immobilized

RNA polymerase molecules (Cook, 1994). We observe that
FIGURE 10 Free energy of a stretched WLC as a function of fractionalthe mechanical force required to decondense DNA pN)

extension. The curves were calculated with Eq. 3 for persistence Iength% smaller in magnitude than the stalling force of single
P = 17 and 40 nm. Calculated data points represept feom Table 1 for

A DNA molecules displaying a reproducible force plateau i CoHex RNA polymerase mOIecmeS\(ls p_N;_Ym et a_l" 1995)' If
(®) and 100xM spermidine Q). Extrapolation to thex axis yieldsy,, =~ W€ assume that the forces stabilizing multivalent cation-

values identical to those observed experimentally. condensed and nucleosome-packaged DNA are similar,
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then perhaps immobilized processive enzymes generate sufke probability of the antiparallel orientation is

ficient mechanical force in vivo to unpackage downstream qg=1-p (A5)

nucleosomal DNA, thus enabling processing of the DNA '

template, The binomial distributiorP(m, k; p) gives the number of ways in whidh
states occurring with probabilitp can be chosen from total states. In
order for a sequence oh segments within the stretched chain to form a
loop, the number of parallel and antiparallel orientations must be equal to

SUMMARY m/2. The expected number of loops in a chaimafegments whose ends

Our results provide the following new information about 2nevzl:i?tc'¥;eﬂens'°ﬂ Wo(n, y), Is thereforeP(m, m/2; p) summed over

intramolecular DNA condensation: (i) intramolecular DNA

collapse proceeds via a nucleation-limited mechanism that n ml

does not require free polymer chain ends; (ii) Approxi- Wo(n,y) = >, W[p(l— p)]™? (AB)

mately half as many basepairs are required to nucleate m=2 |

COI|ap§e. n a.StretChed DNA.Cham when COH?_X’ rather thar}he probability that there is at least one loop in the chain, assuming a

spermidine, is the condensing agent; and (iii) The forces

stabilizing DNA collapse are not equivalent for the isova-

lent cations CoHex and spermidine. The larger attractive Win,y) = 1 — exd —W(n, y)] (A7)

force seen with CoHex may explain the efficiency of this We expect to begin to see short-range interactions between DNA segments

ion as a condensing agent. separated along the chain whéf(n, y) is significantly greater than zero.
The inverse of the Langevin function

oisson distribution of the number of loops, is then

1
APPENDIX: Probability of loop formation in L*(x) = coth(x) — — (A8)
stretched polymer chain X

. . . o o
We assume that the region of DNA extensions in which the force ishas the following series expansion, which is accurate to 0.25%:

unvarying, but non-zero, represents the region in which short-range inter-
actions between segments of the same DNA molecule can occur. We
investigate whether this is consistent with theoretical expectation by cal- 12
culating the conditions under which loops in a highly stretched chain can
occur with significant probability.
We begin with the familiar treatment of a stretched, freely jointed

polymer chain (Flory, 1953; James and Guth, 1943) in which the end-to-
end extensiox in the direction of a forcer is

X = nIL(kIE::r) (A1)

wheren is the number of statistical segments in the chain, each of length
I, andL( ) isthe Langevin function. The force needed to maintain a given
extension is then

W (y)

_ kT
~IL*(wnl)

T

(A2) 2
2

whereL* is the inverse Langevin function. Each segment in the chain is
subject to this force.
We now simplify the problem in two respects, neither of which is likely
to affect the qualitative validity of the results. We assume that the stretched
chain is effectively one-dimensional, and we assume that each segment can
assume only two orientations, either parallel or antiparallel to the force.
The probability of the parallel orientation is FIGURE 11 Average number of loof¥, (upper graph and probability
W, of at least one looplgwer graph) as function of fractional maximum
|7 X extensiory = x/xmax = x/nl in chains containing (top to bottom)= 164,
p=A exp(.l_) =A EX[{L* (I)] = AexgL*(y)] (A3) 100, and 50 statistical segments. The probabitybecomes appreciably
Ks n greater than zero for fractional maximum extensions in the range 0.7 to 0.8.
For A DNA, with maximum extension 16.4m in B form geometry, this

wherey is the relative extension and the normalization factor is corresponds to an extension of 11.5 to 1@rf. This is in good agreement
with the observed extensions at which a constant but non-zero force is first
|7 |7 observed, buttressing the interpretation that this is the region in which
Al=exp=|+exp—= (A4) short-range interactions between segments of the same DNA molecule can
kBT kBT first occur.
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