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Abstract

We report sedimentation velocity and equilibrium measurements performed with an analytical ultracentrifuge to elucidate the effects of
limited flexibility on the transport properties of semiflexible, monodisperse, double-stranded, blunt-ended DNA restriction fragments. We
study a homologous series of fragments with 400, 800, and 1600 base pairs (3 to 11 persistence lengths), which are specifically designe
and synthesized for this purpose (Part I). The molecular weights following from the sedimentation measurements agree well with the value:
expected on the basis of the number of base pairs. The sedimentation coefficients at infinite dilution are in good agreement with theoretice
predictions for wormlike cylinders. The first order in volume fractigi ¢oefficientk of the ¢-dependent sedimentation coefficiep) =
1 — K¢ decreases from 1178 for the shortest fragment to 882 for the longest fragment. These values are much larger than predicted fo
uncharged rigid rods, indicating the presence of associates with an enhanced aspect ratio and excluded volume. The precise match of t
molecular weights obtained from exponential sedimentation—diffusion equilibrium distributions with weights calculated from the number of
base pairs shows that any association is reversible and disappears at sufficiently low DNA concentration.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction [13-15] rheology[5,16], and sedimentatiof9,17]. A sys-
tematic study of the length and concentration dependence of
Due to the well-defined structure of DNA and the pos- the transport properties of DNA molecules and a compar-
sibility to produce homologous series of monodisperse ison with theoretical models for semiflexible polymers is,
molecules using molecular cloning techniquigs double- ~ however, still lacking.
stranded (ds) DNA is widely used as a model for awormlike ~ Our aim is to elucidate the length and concentration de-
polyelectrolyte. Several studies have addressed static properpendence of the sedimentation velocity of semiflexible poly-
ties of DNA solutions, including the molecular conformation mers using a model system of monodisperse, blunt-ended,
and intermolecular interactiofid-5] and mesophase forma- linear, ds-DNA restriction fragments. In Part | of this work
tion [6—8]. Transport properties investigated include mutual we describe the design, preparation, and purification of a
diffusion[3-5,9-11] self-diffusion[12], rotational diffusion homologous series of DNA fragments with contour lengths
L that span a range of flexibilitie¢/¢ from 3 to 11.
- Here we report sedimentation velocity measurements, which
E_Or:aeifZzg?g;gsfiz;}?gegzhgiﬁf rﬁigg Sgﬁiii pse). are compared with hydrodynamic theories for the transport

1 present address: CBR Institute, Harvard University, 800 Huntington Properties of uncharged semiflexiljte8,19] and rigid rod-
Ave., Boston, MA 02115, USA. like [20—22] polymers. The infinite dilution sedimentation
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coefficients are compared with earlier results obtained by with ry(#p) the position of the meniscus. The sedimenta-
Kovacic and Van Holdg17] on restriction fragments with  tion coefficient is obtained from a plot of () versus2?z,

50 to 1735 bp. Studies of the concentration dependence ofwhich should give a straight line with slope

sedimentation were thus far restricted to 150 bp mononucle-  To facilitate comparison with literature values, the sedi-
osomal DNA[9]. We furthermore performed sedimentation— mentation coefficientsg are usually converted to standard
diffusion equilibrium measurements, to determine the mole- valuess2° for water as a solvent using

cular weights of the fragments independently and to verify

the purity of the DNA preparations. We study aqueous saline sg\?v = SObM o 4)
solutions of DNA containing 100 mM Ng so the electro- (1= Vopos) nw

static contribution to the persistence lengthis negligible The Stokes friction factorfg is a function of the size
and the total persistence lengths ca. 50 nn{11,23] and shape of the particles. For a sphere of diameétein

a solvent of viscosityyg, fé is 3rnodt. Stiff rodlike par-
ticles experience a considerably larger Stokes drag. Earlier
2. Theoretical background sedimentatior9,17] as well as translational diffusiofiO,
11] measurements on monodisperse DNA fragments of up
2.1. Sedimentation of non-interacting semiflexible polymers t0 2311 bp have shown that the Stokes drag is predicted cor-
rectly by the Yamakawa—Fujii8] theory for smooth worm-
like cylinders without excluded volume and neglecting end-
n effects. The orientationally averaged friction coefficient of a
wormlike Brownian cylinder of contour length¢, diame-
ter D, and persistence lengthresembles the friction factor
_ Uo dr/dt  M(1—Vpps) (1) for a sphere but contains an additional terf(,D, Lc, q),
oY N oV Navf(t) ’ that is affected by the actual shgd8]:

Experimentally determined sedimentation velocitiés
for dilute solutions are usually converted to sedimentatio
coefficients,sg, which can be expressed as

S0

with £2 the angular velocityy the distance from the cen-  f§= BrnoLc[F(D, Lc,q)]_l. (5)
ter of rotation, M the molar massy, the partial specific
volume, andps the mass density of the solvent. Equa-
tion (1) results from the balance between the centrifugal
or gravitational force acting on the effective buoyant mass
M (1— Vpps)/ Nay, and the frictional forcégrag= — f{Uo =

—fé dr/dz. In the latter expressioyig, represents the Stokes
friction factor. Derivations of Eq(1) can be found in text-

Expressions and numerical results f6(D, L¢, ¢) can
be found inAppendix A Egs.(A.1) and (A.2) Numeri-
cal results were obtained using a hydrated diam@félr of
2.6 nm, a rise per base pd#t6] of 0.337 nm and a mole-
cular mass per unit lengtt27] M_ = 1950 Dann!. The
friction factor of a wormlike chain decreases continuously

. : . with increasing chain length from the drag of a rigid rqd,
books and additional information may be found24]. We being infinite Appendix B Eq. (B.1)), to the drag of a long

would like to point out that in Eq(1) the partial specific vol- infinitely flexible chain,q being almost zeroAppendix B
ume has to be used, which is the increase in volume of theEq_ (B.2)). The rigid ro’d limit of Eq.(5) (see Eq(B.1) in
solution upon adding solutej {/5g)tpgx. Subscripts T, P, Appendix B is in good agreement with numerical results
and g1 specify that the temperature, pressure, and mass ogf Tirado et al.[20] (Appendix B Eq. (B.3)) for rigid rods

solvent are held constant. The partial specjfic volume is not with aspect ratid.c/D between 2 and 30. Furthermore, the
the volume of the hydrated solute, which is used to model Yamakawa—Fujii theory ignores end-effects, which are in-

the friction factor, divided by its mass. For an impermeable 4qqq negligible for chains with aspect ratios down fag.
object the increase in the volume of the solution is justequal o predicted Stokes drag of DNA fragments is fairly in-
to the volume of added solute, and therefore the partial spe-ggnsitive to small bending fluctuations, being equal to the
cific volumg is equal to the speC|f|c volume (inverse of the rigid rod friction factor up toL¢/q = 1 (200 bp), as shown
mass density). For DNA the density depends on the pH andi, rig. 4. Indeed, the sedimentation veloc[§,17] as well
salt concentration. We use in Ed) 0.556 cnig* for the a5 the translational diffusion coefficief®,5,9,12]of DNA
par'uql specific volume of DNA in 100 mM aqueous saline fragments of up to 200 bp have been shown to still obey
solution[3,4,9,18,25] _ _ _ rigid-rod behavior. However, DNA fragments of one persis-
Ina sed|mentat!on_velo_0|ty experiment the displacement o ce length cannot actually be considered as rigid [2@s
of the bqundaryb in time is measured. Rearrangement of This point may be illustrated by considering the mean-
Eq.(1) gives square end-to-end distance of a wormlike chain described
drp by the Kratky—Porod expressi¢28]

e sQ2°r, (2) L
(R%) =2 2{—°—1+ex L )}. 6
which when integrated yields 7 q =Lela ©)

5 In caseL: = ¢, the root-mean-square end-to-end distance is
In[ro(t)/ro(t0) | = s2°(t — t0), ©) only 86% of the contour length. The rotational Stokes fric-
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tion factor is significantly more sensitive to flexibility effects much largerK than Eq.(8). Equation(9) was found to be
than the translational drag. The rotational diffusion time be- in fair agreement with experimental values for filamentous
gins to depart from rigid-rod behavior already for fragments bacteriophagéd virus (L:/D = 130) and rigid silica rods
of more than 120 bp, as shown by transient electric birefrin- (Lc/D = 13 and 24)J22].
gencg14] and triplet anisotropy decd®29] measurements.
2.3. Sedimentation equilibrium measurements
2.2. Sedimentation of interacting semiflexible polymers
Sedimentation—diffusion equilibrium measurements on a
At finite concentration, hydrodynamic and direct interac- dispersion or solution of particles yield the equilibrium con-
tions between the particles affect their sedimentation veloc- centration distribution of particles that is formed when trans-
ity. At low volume fractionsp, the sedimentation coefficient  port by sedimentation in a gravitational or centrifugal field
of uncharged particles is usually lineargn is balanced by diffusional transport due to the osmotic pres-
s/so=1—Ké. 7) sure. The eq_uilibrium distribution is indepgndent_ of _fric-
tional properties and reflects thermodynamic particle inter-
The magnitude ofK is mainly determined by solvent actions. For dilute dispersions of ideal particles in a cen-

backflow arising from the walls of the container in which the  trifugal field this distribution can be described by the single
particles settle. There is extensive literature concerned with exponential Boltzmann function,

the concentration dependence of the sedimentation of spher- ) s
ical colloidal particleg30]. For monodisperse hard spheres, A(r) = A(ro) exg[ M 2°(1 — Vpps) (r® —r5) /2RT],  (10)

Batchelor[31] showed thatk' = 6.55. K is very sensitive  \yith A(r) the particle concentration (measured, for instance,

to deviations of the interaction potentiéll(r) from a hard- as optical absorbance) at a radial distandeom the axis
particle potential. Weak attractions redu€gdue to mutual ot rotation, whererg refers to a position near the meniscus.

screening of the particles from solvent backflow. Long-range \jeasurements o (r) yield the molar weight of the par-
repulsive forces lead to values Kflarger than 6.55, because jcles.

the well-separated particles are fully exposed to the retard-
ing solvent backflow produced by the sedimenting particles.

We are not aware of any calculations &ffor wormlike 3 Materials and methods
cylinders, so we compare our data with theofgk 22] for
rigid rods. 3.1. Colloidal model system

Hydrodynamic interactions (HI) must be computed for

pairs of rods at arbitrary orientation, therefore the concen-  \yie studied a homologous series of monodisperse, blunt-
tration dependence of rod sedimentation is difficult to cal- gnqed ds-DNA restriction fragments of 400, 800, and 1600
culate exactly and accurate expressions for the HI tensorsp,5e pairs (bp), dissolved in TENbuffer of pH 7.5 con-

for rigid or semiflexible rods are still lacking. Peterd@i] taining 10 mM Tris-HCI, 1 mM EDTA, 99 mM NacCl, and
performed the first approximate calculation of the leading- 7 g mm NaNs. A detailed description of the synthesis, pu-

order concentration dependence of the sedimentation Veloc'rification, and characterization of the DNA fragments is pre-
ity of rigid rods, based on approximate pre-averaged pair Hl, santed in Part I

and modeling the rods as linear arrays of touching spherical
beads:

8(3/8)%/3(Lc/D)Y° Lc
- 2In(L¢/D) D’ Le/D> 1. (8) Sedimentation experiments were performed with a Beck-
Due to the relatively large excluded volume of a rod, man Optima XL-A analytical ultracentrifuge using standard

the concentration dependence of the sedimentation veloc-12 mm double-sector center;])cg(i:)% iilg 'r_:_r? An-50 Ti rotor,
ity is more pronounced for long rods than for spheres. Re- at a constant temperature o : - The concentra-

cently, Dhont[22] presented more accurate calculations of tion profilgs of the.sedimenting fragm.ents across the cells
the leading-order concentration dependence, without pre-"€"® monitored using the characteristic absorption of DNA

averaging the HI and taking more accurate account of sol- 20Und 560 nm. The exact_wavelhe_ngth Waj chosen ge]:\pend-
vent backflow. Employing HI tensors for rigid rods, treated "9 ©N the DNA concentration, which was determined from

as strings of spherical beads, within a mean-field approxi- the optical den§ity (OD,) at 260 nm, to give an initial O.D of
mation valid for dilute suspensions of long and thin rods, 0.5-1.2 for sedimentation velocity and 0.1-0.5 for sedimen-

Dhont’s result forK reads tatignde_quililf[)rlgm mea_lggr_ementsf._l btained at20
64+2/9Le/D) Le edimentation equilibrium profiles were obtaine

3.2. Sedimentation measurements

= —, L¢/D>1, 9) 0.1°C by prolonged centrifugation of samples containing 22
2In(L¢/D) — (vi+vy) D to 24 pgmt! DNA at 3000, 4500, and 6000 rpm. Con-
with constantsv; = —0.84 andy; = 0.21 for cylindrical centration profiles at each angular velocity were recorded

rods. For aspect ratios higher than 30, E). predicts a at three different wavelengths ranging from 265 to 281 nm.
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Equilibrium was supposed to be reached when a straight line Recorded profiles
was obtained by subtracting a profile from another profile Fitted reqion
recorded 8 h before. Equilibrium was usually reached af- 9 /
ter more than one week of centrifugation. Using Microcal / 4
Origin 3.85 the Boltzmann equation (E(.0)) for an ideal J
one-component system was fitted to the recorded equilib- AP
rnum prOflleS, 8“ 400 bp, 3,500 rpm. — ant )
OD(r2 - rr%eniscug = eXF{In(A) + CM(r2 - rrzneniscu ] oo e g
+ Baseline (11) o
) ) ) o ] 800 bp, 3,000 rpm e

with OD the optical density (extinction), Baseline the OD . -
value of the flat part of the profile, andl and C constants L/
depending on22, the gas constark, the partial specific 1600 bp, 3,000 TPM s st
volume of the solute, and the mass density of the buffer. sttt ot

For sedimentation velocity measurements, the samples Y a4 an aa =
containing 24 to 520 pgmi DNA were centrifuged at 6.2 6.4 6.6 6.8 7.0
35,000—40,000 rpm for 3-5 h, depending on the fragment’s r(cm)

molecular weight. Sedimentation coefficients were deter- _ . - . .

. . . Fig. 1. Three typical equilibrium optical absorbance profiles for DNA frag-
mined from the displacement velocitygldr (Eq.(3)) of the ments with 400, 800, and 1600 base pairs. The gray lines are nonlinear
sedimentation boundary observed in 35 scans taken at dif-least-square fits using E€L1).
ferent points in time. Sedimentation boundary positians
were obtained by the second moment metiig2] using
the Beckman XL-A software version p4.5. Sedimentation
coefficients at infinite dilutionso b, were determined by ex-
trapolating the sedimentation data to zero concentration. All
coefficients were converted to standard valuygsfor water
(Eq. (4)), using the mass densipyy = 0.99821 gmt?! and
viscosityny = 1.002 mPas of watd33] and the measured

400 bp, 3,500 rpm

rel

Q
mass densitys = 1.00334 gmt! (Anton-Paar densitome- O [gqg bp, 3,000 rp
ter) and viscosityyy = 1.020 mPas (Ubbelohde capillary £
viscometer) of the buffer.
1600 bp, 3,000 rpm
4. Resultsand discussion
4.1. Sedimentation equilibrium experiments 40 42 44 46 48 50

r* (cm’

Typical equilibrium concentration profiles of the three em)
DNA fragments consisting of 400, 800, and 1600 base pairs Fig. 2. A plot of the natural logarithm of the absorbance versus the radial
are shown irFig. 1 Note that the pI’Ofi|ES were not recorded position squared. In the upper part of_the profiles, ?.e., the range from 40 to

. 47 cr?, low molecular weight contaminants are evident.

at the same angular velocity and that the absorbance was
measured at different wavelengths. A plot of the natural log-
arithm of the absorbance versus the radial position squaredcalculated values (see al$able ). The experimentally de-
should give a straight line characteristic of a single exponen- termined molar weights of all three fragments are close to
tial function. The equilibrium profiles of all fragments have their theoretical values. This shows that the DNA fragments
two straight regions, one in the bottom of the cell due to the at low concentration (below 25 ug mh) do not form any as-
DNA restriction fragments, and one in the top due to low Sociates (aggregates), in contrast to more concentrated DNA
molecular weight contaminants of approximately 3-5 kDa, solutions.
corresponding to small DNA fragments of 4 to 5 bp (assum-
ing ds-DNA) (Fig. 2). Additional evidence for the presence 4.2. Sedimentation velocity experiments
of low molecular weight contaminants, most likely deoxynu-
cleoside monophosphates (ANMPs) originating from partial ~ Fig. 3 shows representative sequences of sedimentation
degradation of the DNA fragments, is presented in Part | of profiles measured for dilute (A) and concentrated (B) solu-
this work. tions of 400 bp DNA fragments in buffer. The sedimentation

The molar weights obtained from the fits (gray lines in boundaries broaden appreciably with time as they progress
Fig. 1) are shown inTable 2together with the theoretically toward the bottom of the cell. If the sedimenting units are
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Table 1

Characteristics of the DNA restriction fragments

Npp? L¢ [nm]° Lc/qC pd M [kgmol—11€ Rg [nm]f c* [mgmi—1)9 ¢i [mgmi=1ph
400 135 270 52 2629 31 34 116
800 270 540 104 5257 52 14 58

1600 539 180 207 1054 83 Q7 29

@ Number of base pairs (bp).
Contour length, calculated ds; = Npprpp, Whererpp = 0.337 nm is the rise per base pair for the'Nform of B-DNA [26].
Number of persistence lengths per chaifa,= Lc/q, whereq = 50 nm is the persistence length of ds-DNA in a buffer containing 100 mM |23].
Rigid-rod aspect ratip = L¢/D, whereD is the hydrated diameter of 2.6 7).
Molar weight, calculated from the contour length by multiplication with the linear molecular weight défisity 1950 Da nnrl [18].
Radius of gyration calculated from the Benoit—Doty formf84] for a Kratky—Porod28] wormlike chain. Excluded volume interactions are negligible
for duplex DNA of less than around 10 kIfR5].
9 Overlap concentration, calculated accordingte= 3M/(Nay4r RS).

h" Concentration where nematic phase starts to form according to the Onsagel{&#doy long rigid hard rodsd; = 4.25(x/4)(D/L¢) x 103/0.556).

o

- ® Q O

Table 2
Comparison of theoretical molar weights and molar weights obtained from sedimentation velocity and equilibrium measurements
Fragment Sedimentation velociti8] Sedimentation equilibrium Theory
M (kgmol™1) Nop M (kgmol~1) Nop Profiles # M (kgmol~1) Nop
400 bp 33 507 2577 +9.7 392 9 2629 400
800 bp 5757 876 5094 +27.5 775 9 5257 800
1600 bp 108D 1645 104D +49 1588 6 1054 1600
10 12.0
A
10.0 1
8.0
@ 6.0-
8 B
%)
4.0 - .
e this work
204 o Kovacic & Holde
1.0 ’ wormlike cylinders
---------- rigid rods
0.0 r T - T . T . r
0 400 800 1200 1600
0.5
bp
00 ,‘___J Fig. 4. Infinite dilution sedimentation coefficientéev of non-interacting
60 62 64 66 68 7.0 d_s-DNA fragments measur_ed in this (clos_ed cwcle_s) _and preyiajgopen
circles) work, compared with the theoretical predictions for smooth worm-
r [cm] like cylinders[18] and rigid rod420].

Fig. 3. Typical time series of absorbance profiles of sedimenting DNA With increasing molar mass. the sedimentation coeffi-
solutions in buffer as a function of radial position, obtained during cen- 0 ’

. 2 . . - _
trifugation at a speed of 40,000 rpm. The absorbance (3 measured cient SO\(\I mcreases’,seélg' 4 The ,data are in good agree
relative to the buffer absorbance. The direction of sedimentation is from left. MeNt with data obtained by Kovacic and Van Holdlé] on a

to right. (A) Dilute, 25 pgmt?; (B) concentrated, 441 ug mt; solution series of ds-DNA restriction fragments with 50 to 1735 base
of 400 bp DNA. pairs prepared by digestion of phage DNA and dissolved in a
buffer containing 195 mM N& The theoretical predictions
unaggregated monodisperse DNA fragments, this broaden-for wormlike [18] and rigid-rod[20] cylinders, respectively,
ing is entirely due to diffusion of the sedimenting particles, diverge for fragments longer than 200 bp. The experimental
which opposes the formation of a concentration gradient by data asymptotically approach the theoretical prediction for
the centrifugal field. uncharged rigid rods (solid line) at low molar mass and are
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Table 3
Experimental and theoretical sedimentation coefficieﬁ\% of DNA restriction fragments in water at 2€ and at infinite dilution (in Svedberg units of
1013 s) and first-order concentration coefficieris

Nbp Experimental Rigid rod Wormlike cylinder
539 K 539 (Tirado) K (Dogic) 539 (Yamakawa—Fuijii)
400 748+0.04 1178+ 58 654 118 702
800 873+0.08 1008t 49 759 329 852
1600 1057+0.02 882+21 865 1020 1047
100 ¢ 100
0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03
1.00 ° ) ! ) T ) T 1.004 e N T T T T T
A: 400 bp fragment B: 800 bp fragment
0.95 0.95
0.90 0.90
o o
o 0.85 1 ) 0.854
(2] (7]
0.80 0.80
0.754 0.75
0.70 T T T T T T T T T T T 0.70 T T T T T T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
-1 -1
¢ (ug mL™) c(ugmL’)
100 ¢
0.00 0.01 0.02 0.03
1.00{ « ' ' ' ) '
C: 1600 bp fragment
0.95
0.90 4
o
) 0.854
<
(/2]
0.80 ¢
]
0.754
0.70 T T T T T T T | — T T
0 100 200 300 400 500 600

¢ (ug mL™)

Fig. 5. Concentration dependence of the reduced sedimentation coeffiGigrior fragments of (A) 400, (B) 800, and (C) 1600 base pairs. Solid lines are
linear least-square fits.

in overall good agreement with the Yamakawa—Fuijii theory surements is unaffected by the presence of low molecular
for wormlike cylinders (see alstable 3. weight contaminants, which show up in the lower plateaus
It should be noted that the sedimentation velocity mea- in Fig. 3. In contrast, the equilibrium concentration profiles
surements overestimate the molar weight, while sedimen-are clearly multi-exponential functionBig. 2).
tation equilibrium measurements give molar weights that  The concentration dependence of the sedimentation co-
are closer to and somewhat lower than the expected valuesefficients was studied for DNA concentrations up to 550
(Table 9. The sedimentation equilibrium measurements are pug mi~1, which is far below the critical concentrations for
more sensitive to low molecular weight contaminants than overlap ¢*) and for an isotropic-nematic phase transition
sedimentation velocity measurements. The position of the (seeTable 1), and also below the onset of visible aggrega-
sedimenting boundary in the sedimentation velocity mea- tion. Fig. 5shows that over the concentration range studied
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ratio four times that of the 400 bp fragment. This rather sug-

, gests the presence of linear associates of fragments.

1000 4 o o < It is interesting to note that such linear association would
] significantly increas& but hardly affectsg. Since the mass

M of linear associates is proportional to the lendth so

in Eq. (1) scales asg « In(L/D) for rigid thin rods, and as

so o« LY/2 for long flexible chains. In particulasg of thin

rods is rather insensitive to linear association, mainly be-

L/D
0 50 100 ¢ 150 200
' 1 1 |

100 5 cause the increase in mass is balanced by the increase in fric-
K
] tion. The effect onK, however, is much more pronounced.
Suppose rods with aspect ratioform linear «-mers with
® this work aspect ratioxp. Let K, and K, denote the values from
o Nicolai (1989) Dhont’s equatior{9) for the 400 bp fragment and themer,
104 — Dhont respectively. Fop > 1 we find
¥ Peterson 5
1 o
T T T T T T T T Kop = —Kp, (12)
0 400 800 1200 1600 Ina
N which would imply K,, = 115K, for a fourfold aspect
bp L. p p ) .
ratio increase. For the 400 bp fragmentHig. 6 this cor-
Fig. 6. Leading order in volume fraction coefficiekit of s(¢) as a func- responds tak, = 102, close to Dhont’s prediction. For the
tion of the fragment length (in terms of the number of base paigp, or longer fragments irfFig. 6 such a correction based on an

the aspect ratioch‘/D). Solid and dotted lines represent theoreticall results effective rigid rod on Dhont's curve works less well, most
for uncharged rigid rods by Dhof22] and Petersof21]. The open circle likelv because of the increasina dearee of flexibility of the
represents a measurement of Nicolai and Maf@lebn a 150 bp mononu- Ixely u o : ; Ing g . Xibiiity
cleosomal DNA fragment in buffer containing 0.5 M NaCl at°Z5 DNA fragments with increasing length. This argument does
not conclusively prove that 400 bp fragments are associ-
ated into entities with an equivalent rigid-rod aspect ratio
the sedimentation coefficient is within experimental error of 4p. It merely shows that linear association could ac-
linear in the DNA concentration. The leading order in vol- count for a drastic increase df. Further measurements,

ume fraction ¢ = cV;) coefficientk decreases from 1178 particularly dynamic light scattering and fluorescence recov-

for 400 bp to 882 for 1600 bp, as shownFiy. 6 (seeTa- ery after photobleaching, are needed to assess any associa-
ble 3. tion.
The predictions by Dhonf22] and Petersof21] are The measurement of Nicolai and Mand@] on a 150 bp

expected to overestimate the concentration coefficient of mononucleosomal DNA fragment in buffer containing 0.5 M
wormlike cylinders. Yet, the experimental values for the 400 NaCl at 25°C deviates less from the rigid-rod prediction
and 800 bp fragments are considerably above the rigid-rod (K = 35) compared to our data. The value Kf= 54 ob-
prediction. The 400 bp fragment is the least flexible, but tained by Nicolai was found by linear curve fitting of three
nevertheless exhibits the largest (relative and absolute) devi-data points obtained at DNA concentrations of 0.004, 6.5,
ation from Dhont’s prediction for rigid rods. Such alarge ~ and 10.5 mgmit. If we assume that the fragment be-
value suggests an excluded volume of sedimenting speciediaves like an uncharged rigid rod, the model of linear as-
that is much larger than that of an individual 400 bp frag- Sociates combined with the Dhont theory suggests sedimen-
ment. Residual double-layer repulsions between the negatation units in samples with a DNA concentration above
tively charged DNA filaments may contribute to this ex- 25 Hgmi with an equivalent rigid-rod aspect ratio of 1.5.
cluded volume. Static light scattering measurements of the

second virial coefficientB, of short (150 bp) DNA frag-

ments in aqueous NaCl solutiofs3,5] show thatB; still 5. Summary and conclusions

decreases on going from 100 to 500 mM NacCl. Interpreta-

tion of these measurements in the light of theory for charged  We report ultracentrifugation measurements of the sedi-
rigid rods suggests that the effective diameter of ds-DNA in mentation velocity and sedimentation—diffusion equilibrium
the presence of 100 mM NaCl is about 5 nm, which is sig- of monodisperse, double-stranded, and blunt-ended DNA re-
nificantly larger than its hydrodynamic diameter of 2.6 nm. striction fragments of 3 to 11 persistence lengths in aque-
Long-range repulsions enhan&eby keeping the particles  ous buffer containing 99 mM NaCl (107 mM Na The
well separated, exposing them to solvent backflow. How- molar weights of the fragments determined from sedimen-
ever, this effect is insufficient to match the discrepancy seentation equilibrium and velocity measurements agree well
in Fig. 6. The value ofK = 1178 corresponds, according to with the expected values, though the equilibrium measure-
Dhont’s equation(9), to a thin rod with an effective aspect ments demonstrate the presence of low molecular weight
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contaminants, possibly originating from partial DNA degra- while for contour lengthd.. < 4.5567 [18]
dation. The infinite dilution sedimentation coefficients P
. . - . . Le¢ Le¢ Lc
agree well with theoretical predictions for non-interacting g — c;In{ == ) + Co + C3( =2 | + Co ==
wormlike cylinders. The first order in volume fraction co- D 2q 2q
efficients K of the concentration-dependent sedimentation Lc\°® D Lc D
+C5( ) +C6L—In< >+C7< )
Cc

D

coefficientss(¢) are much larger than predicted for un- 5 Le

2q
charged rigid rods, indicating that the sedimenting species

2 3 4
have a much larger excluded volume than individual frag- + C8<2> + C9(2> + C10(2>
ments. Residual double-layer repulsions may contribute to Lc Lc L
this excluded volume but cannot explain the very lafge D\°
values, which are very likely due to linear associates with +0 [(f) } (A.2)
an effectively larger aspect ratio, an increase that hardly ¢
affects so. Within a simple model of linear, rigid-rod as- Note that the original paper of Yamakawa and FLij8]
sociatesg is rather insensitive to association white in- contains a misprintin their Eq. (49) (here E4.1)) having a

creases strongly with an increasing degree of association.term Angl/z instead ofAlL%/Z, and the closing bracket of

Comparison with the theory for rigid rods suggests for the the argument of the logarithm in tli&; term in their Eq. (51)
400 bp fragment linear associates with an aspect ratio four (here Eq(A.2)) is omitted. The explicit numerical results of
times that of the fragment. For the longer fragments bend- Yamakawa and Fuji[18] for the coefficients appearing in
ing fluctuations become more important. The sedimenta- Egs.(A.1) and (A.2)for the translational friction coefficient
tion equilibrium measurements as well as the sedimenta-of wormlike cylinders are summarized below. Additionally,
tion velocities at infinite dilution unequivocally demonstrate numerical results for DNA are provided. The coefficients for
that at low concentrations around 25 pgtho aggregates  short cylinders [ < 4.556;), in terms ofd = D/(2q), are
or associates are formed. Thus, the association behavior
of the DNA restriction fragments is concentration depen- C* = 1-0014121% +0.00592/" + 0(d®) = 0.99999
dent. C2=0.3863— 0.1667% + 0.0016/% — 0.02247°

Further measurements, particularly dynamic light scatter- —0.000@* + 0(d°) = 0.38197
ing and t-FRAP, could be used to determine the translational 2 4
di?fusion coefficient independently from sedimentation mea- C3=0.1667+0.0222/° +0.001%" + 0(d°) = 0.16672
surements. Finally, it would be interesting to compare the re- Ca = 0.01883— 0.0078%/% — 0.00038/* + 0 (d®)
ported measurements on blunt-ended fragments with corre- —(0.01882

spo_ndmg m_easurements for sncky—en_d fragments, for which Cs = —0.002039+ 0.000805/2 + 0.000017* + 0 (d®)
the interactions may be tuned by varying the temperature.
= —0.00204

Ce = 0.04167 + 0.0056 %> + 0.00592/* + 0(d®)
Acknowledgments —0.00108

_ _ 2 3 4
Dr. D. Thies-Weesie, Dr. |. Validzic-Mladenovic, and C7=05+0078& —0.0094/"+0.010%" + 0.003%

Dr. L. Rutten are acknowledged for their help with the AUC + 0(d% = 050204
measurements, Dr. D. van der Beek for help with Ubbelo- Cg = —0.06250+ 0.00132/2 — 0.000557* + 0 (d®)
hde measurements, and Dr. D. Thies-Weesie for assistance _ —0.0625

with density measurements. This work was financially sup- 3 5 L
ported by The Netherlands Organization for Scientific Re- Co = 0.001302/ +0.00018¥" + 0 (d”) = 3.3855x 10",

search (NWO/Stichting Chemische Wetenschappen). C10=0.001953— 0.000064/ + 0.000027* + O (d®)
=0.00195
Appendix A The coefficients for longer chainé (> 4.5567) read
406\
The expression foF (D, L¢, g) of a wormlike cylinder Ar= 5(;> =1.84204
for contour lengthd. > 4.556; has the forn{18] Ap— _[1 — 0.01412/ + 0.00592/* + 0(d6)] In(d)
Lc\Y? Le\ Y2 Lo\t — 1.0561— 0.1667 — 0.1900Q/% — 0.02241°
F=A1(—°) +A2+As<—°> +A4<—°) . .
2q 2q 2q +0.019Q¢* + 0(d>) = 2.58906
A (Lc>3/2 A1) Az =0.1382+0.6910/° = 0.13867
5( 5= , )
2q As = —[0.0416%2 + 0.00564* + 0(d%)]In(d)
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—1.0561— 0.3301+ 0.5d — 0.58544% — 0.009443
—0.0421* + 0(d®) = —0.31739
As = —0.0300+ 0.120942 + 0.025%* = —0.02992
Appendix B

EquationgA.1) and (A.2)illustrate that the friction factor
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[6] K. Kassapidou, W. Jesse, J.A.P.P. Van Dijk, J.R.C. Van der Maarel,
Biopolymers 46 (1998) 31.
[7] R. Podgornik, H.H. Strey, K. Gawrisch, D.C. Rau, A. Rupprecht, V.A.
Parsegian, Proc. Natl. Acad. Sci. USA 93 (1996) 4261.
[8] K. Merchant, R.L. Rill, Biophys. J. 73 (1997) 3154.
[9] T. Nicolai, M. Mandel, Macromolecules 22 (1989) 2348.
[10] S.S. Sorlie, R. Pecora, Macromolecules 23 (1990) 487.
[11] H. Liu, J. Gapinski, L. Skibinska, A. Patkowski, R. Pecora, J. Chem.
Phys. 113 (2000) 6001.

of a wormlike chain decreases continuously, with increasing [12] L. Wang, M.M. Garner, H. Yu, Macromolecules 24 (1991) 2368.

chain length, from the drag of a rigid rod {s infinite),

L¢ L¢
F~CiInl = Co=In—= 4 0.386 B.1
1 <D>+ 2 ot 3 (B.1)

to the drag of a long infinitely flexible chairg (is almost
4

zero),
LA\LY2 12 /7 \1/2
Fra(fe) pa,=2(8 ~e)
3\ 7 2q
The rigid-rod limiting expression, EdB.1), is in good

2q
agreement with numerical results of Tirado et[al] for
rigid rods with aspect ratid../ D between 2 and 30:

(B.2)

Le D D\?
F=In=S+0.31240.565— —0.100( — | . B.3
n— + + I (L ) (B.3)

C
The Yamakawa—Fujii theory ignores end-effects, which
are indeed negligible for chains with aspect ratios down to
Lc/D =41[19].
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