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The partial structure factors pertaining to DNA—DNA, DNA-polyamine, and polyamine—
polyamine density correlations in DNA fragme(tontour length 54 npnsolutions have been
measured with small angle neutron scattering and contrast matching in water. The effect of the
polyamines putrescine and spermidine on the DNA molecular structure is gauged from the limiting
behavior of the DNA-DNA partial structure factor at high values of momentum transfer. The
double layer structure and the extent to which the polyamines can approach the DNA are derived
from the DNA-polyamine and polyamine—polyamine partial structure factors. For this purpose, the
structure factors are interpreted with the correlation functions derived from the classical Poisson—
Boltzmann and the modified Poisson—Boltzmann equations and/or Monte Carlo simulation. For
simple salt free DNA with tetramethylammonium or putrescine counterions, spatial fluctuations in
the charge density are discussed in terms of the charge structure factor. The structural arrangement
of putrescine and spermidine can be fully rationalized in terms of their valence. In the case of
spermidine, it is necessary to include ionic correlation effects, but this could be accomplished by
modeling the ligands as hard spheres. The polyamines have no detectable effect on the DNA
molecular structure and are too large to penetrate the grooves to any significant extent. These results
imply that DNA condensation in the presence of polyamines is largely governed by electrostatic
interactions, rather than by the binding of the multivalent cagpiense © 1999 American Institute

of Physics[S0021-96069)50847-1

I. INTRODUCTION has been done to elucidate the mechanisms involved in sta-

) ) ) ) bilizing the condensed state, the structural arrangement of
In biological systems, DNA is often very tightly packed 4,4 condensing agents near DNA is not ci4?.

with concentrations up to 400 mg/ml. The structural organi-  patailed structural information can be inferred from
zation is largely unknown, but pears some resemblance t9 4| angle neutrofSANS) or x-ray (SAXS) scattering. The
condensed DNA phases observiedvitro. Model systems  gcauering is sensitive to the set of spatial Fourier transforms
that can produge condensed D,NA phases_ are of grea}t INterest the solute density correlation functions, i.e., the partial
for understanding the mechanisms involiadrivo. Anim- o,ctyre factor& Chen and co-workers have investigated the
portant experimental approach is DNA condensation inducedripution of heavy metal Csand TI* about DNA and

by condensing agents, e.g., polyamines of valence 3 Ofyjingrical micelles with SAXS® Recently, similar experi-
greater, polypeptides, and/or prote?r?s.Polyammes a'®  ments were reported for | counterions around a cationic
found in all bacteria and most animal cells. They are gro""ﬂbolyelectrolyte with a rodlike polip-phenyleng backbone®
factors a_nd they serve to stab_ilize the structure of memypq intensities compared favorably with the releveainbi-
branes, ribosomes, and some virus@dthough much work a4 of partial structure factors derived from the classical
Poisson—Boltzman(PB) theory. The potential of the SANS
dAuthor to whom correspondence should be addressed. approach lies in its spatial resolution together with contrast
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variation to blank or highlight certain components in a com-ture factors. For this purpose, the latter structure factors are
plex mixture of DNA, solvent, counter- and co-ions, andinterpreted with the radial counterion profiles obtained from
ligands. SANS methods based on variation of the isotopithe PB, MPB equations, and/or Monte CarlgMC)
composition of the solvent have made it possible to detersimulation®=2° Earlier works indicate that for multivalent
mine individual polyion—polyion, polyion—counterion, and counterions ionic correlation effects on the double layer for-
counterion—counterion partial structure factors in solutiongnation are significant"?° Finally, for simple salt free DNA,

of mononucleosomal DNA fragments and p@lyrene- spatial fluctuations in the charge density are discussed in
sulfonic acid with tetramethylammonium (TMA) terms of the charge structure factor.

counterions}~*1t was seen that by optimizing some of the

geometric parameters, the classical PB or modified Poisson—

Boltzmann (MPB) theory gives a good description of the || THEORY

structuret®>~17In the present contribution these investigations

are extended to DNA fragmentd57 base pajrwith multi- A Scattering

valent polyamine counterions. For a three component system, the coherent part of the
We have used the linear polyamines putrescin€{Pu  solvent corrected SANS intensity reads
HgN* —CH,~CH,—CH,—CH,—~N"Hg 1(0)/ pL=b5N7 S @) +2 Db NN S @)

and spermidine (Sp) +b2N2 S, (q) (1)
H;N*—CH,—CH,—CH,—CH,—N*H,—CH,—CH, with p, the DNA concentration. The number of nucleotide

monomer(m) and counteriongc) per DNA fragment are
denoted byN,, andN. with macroscopic concentrations,

Note that the polyamines are in the protonated charged statg, VmPL andp.=Ncp_, respectively. In the absence of inter-

with the charges localized at the nitrogen positions. pyDNA interactions, the partial structure fact@g are normal-

trescine is soluble at all ligand/DNA ratios, whereas spermi—'zed to unity alq=0.""In an H,O/D,O solvent mixture, the

dine induces condensation if its charge fraction exceeds geattering length contrast is given by

certain critical fraction of the total DNA c.harge. Simple salt ) —p —py;/ve; be=X bp,0+ (1= X) by ®)
free Pu—DNA was prepared by exchanging the monovalent

counterions for Pii". This counterion exchange procedure iswith X the D,O mole fraction. The solutei € m,c) and sol-
not possible with spermidine and, instead, we have prepare¢ent (s) have scattering lengths; andbg and partial molar
Na—DNA solutions with added Spgsalt in 5:1 molar ratio.  volumesv; andvg, respectively. The partial structure factors
In the latter solutions, the sodium and chloride ions do nof5; are the spatial Fourier transforms of the solute density
contribute to the scattering to any significant degree becaussrrelation function®

of negligible scattering length contrast. Accordingly, for both 1

Pu-DNA and Na.—.DNA/SpQI soll_Jtlons, the scattered in- Sj(a)= WI drexp(q-r) {pi(0)p;(1)). ©)
tensities are sensitive to correlations among the DNA and PLNiNj Jv

polyamine densities only. o _ In our experiments, the partial structure factors are obtained
For DNA, the linear charge density is so high that mosty. o the intensities by contrast variation in water, i.e., by
counterions are confined to the immediate vicinity of theadjusting the solvent scattering lendth. The partial struc-

polyion and concentration fluctuations are expected t0 havg,re factors can be further evaluated theoretically from the
little impact on the radial counterion densities. The Ce”traldensity correlation functions derived from the cell model.
hypothesis in our experimental approach is the neglect of

influence on the double layer structure due to fluctuations in
inter-DNA separation and orientation. With this hypothesis
the DNA-DNA, polyamine—polyamine, and DNA-
polyamine partial structure factors should satisfy certain  For cylindrical polyelectrolytes, a self-consistent charge
conditions'* Explicit use of these conditions in the data distribution can be obtained using the cell model and the
analysis procedure results in improved statistical accuracy igolution of the PB, MPB equations, and/or MC
the structure factors. It will be shown in this work that this simulationst®>®8-2°The requirement for applying the cell
conjecture holds and that information on the counterion dismodel is that the DNA chain ikcally rodlike over a length
tribution can be obtained without considering the interactiondar exceeding the double layer thickness and bearing a suffi-
between double layers pertaining to different DNA frag- ciently large number of charges. The fragment is assumed a
ments. The effect of polyamines on the DNA molecularuniformly charged rod with length and is placed along the
structure is gauged from a comparison of the DNA structurez axis of a coaxial cylinder of the same lendtrand radius
factor with the highg limiting form of the form function of a  rg,. The cell radius is determined by the nucleotide concen-
rod with a finite cross-sectional radius of gyration. Thetration p, throughp,Am r2,=1, with the longitudinal axis
double layer structure and the extent to which theprojected nucleotide repeat distanée=0.171 nm. In the
polyamines can approach the DNA are derived from thdongitudinal direction(along the DNA axi the nucleotide
DNA-counterion and counterion—counterion partial struc-and counterion distributions are assumed uniform while per-

—CH,—N"Hj.

'B. Cell model
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pendicular to this axis, the corresponding densities are giveRABLE |. Geometric parameters 157 base pair DNA in mnspine-axis

by theradial concentration profileﬁ (r) andp (r) respec- projected repeat distance;, cross-sectional DNA radius of gyrationy;,
tiver m A counterion radiust ., distance of closest approach to the DNA spine axis;

L Feen, Cell radius(0.05 mole nucleotides/dfyy L, . persistence length;,
Within the present range of momentum transferL(  contour length.

>1) the scattering is sensitive to correlations over distances
of the order of the double layer thickness and the effects of Fei M

finite contour length and flexibility are negligible. In the cell A r, TMA® P@* sp* TMA® P@" SP* rgy L, L
model the effects of fluctuations in inter-DNA separation anu‘O 171 08 040 030 035 145 135 1409 50 54
orientation(i.e., DNA density fluctuations and hence fluctua- _ ' i ' i ' ' -

tions in cell radiug on the double layer structure are ne-

glected. It is shown in the Appendix that with this assump-

tion the partial structure factors can be expressed as @fntribution has not been evaluated yet, but it is expected to
product of terms invo|ving the radial prof"es and a term be modest in Comparison with the pronounced contribution

related to the polymer structdfe due to the average profile.

Sj(a)=S(a)ai(q) aj(q) (qL>1) (4 C. Radial profiles
with the cylindrical Fourier(Hanke) transformation of the The transform Eq(5) can be further evaluated using
radial profile analytical expressions of the radial densities. If the radial

DNA density is assumed to be uniform for<G<r, and

_ Feell . given bypm(r)qrrf):l and zero for>r,, with r, the DNA
ai(q)—27rf0 drrdo(anpi(r) (i=m.c) ® radius, one obtains
and J, denotes the zero order Bessel function of the first an(q)= M )
kind. The polymer tern§ describes théinter- and intramo- arp

leculay structure of an equivalent solution, but for rods with yith J; the first order Bessel function of the first kind. The
vanishing cross-sectiofsee Eq.(AS)]. For sufficiently high  pNA cross section might also be described by a Gaussian
values of momentum transfer and/or low DNA concentra-ragia| density profile with second momdm?)zrglz. In the
tion, inter-DNA correlations are insignificant aigireduces  yresent range of momentum transfer, the Hankel transform
to the form function of a rigid rod. Accordingly, the high  of such Gaussian profile is very similar to E® and the
limiting form of the single-cell partial structure factor takes radiusr, can be interpreted as a cross-sectional radius of

the form gyration of the DNA molecule.
- The radial counterion density profile.(r) is obtained
Sj(n)~—a(®aj(q) (qL>1). (6) from the solution of the PB and MPB equations, and the MC
qL simulations in the cylindrical cell modéh:'®8-20 Apart

For lower values of momentum transfer and/or higher pnafrom the cell radius, the structural parameters are the coun-
density, correlations between different cell volumes becom&erion radius, the distance of closest approach between the

progressively more important and the experimental data decounterion center of mass and the DNA spine-axis and
viate from the single cell calculations. However, the polymerth_e linear charge de2n5|ty parametr Q/A, Q bemg the
Bjerrum length[Q=e“/(4mege,kgT)]. In the classical PB

term S (and, hence, inter-DNA interferencean be elimi- ) ) 1O X
nated by taking the ratio of the nucleotide—counterg&. equation, the counterlons_are tre_ateo_l as pomfcllke particles
and nucleotide monomes,, ., structure factor: and the effec_t of counterion radius is taken into account
through the distance of closest approach. In the MPB and
Smc(q)  ac(q) MC treatments, which include ionic correlation effects, the
S (0 anq) (qL>1). (7)  counterions are modeled as hard sphere idespite the fact
that polyamines are linear molecule3he distance of the
From the full set of partial structure factors information on closest approach is not necessarily equal to the DNA radius
the radial counterion density profile can be obtained, without ,; rather, one expects a slightly larger value due to coun-
a model of interchain correlations. Furthermore, dr>1  terion size and intermediate hydration shell.
the scattering is dominated by configurations in which the  The classical PB equation for salt free solutions for a
momentum transfer is oriented perpendicular to the DNAsingle species of counterions in the cell is solvable
molecule =0, see the Appendjxand, hence, any charge analytically*>®while more general cases with several spe-
ordering along the DNA is difficult to detect. cies of simple ions require numerical solution for the dimen-
In the derivation of Eq(4) small ion density fluctuations sionless potential)(r). We used fourth- and fifth-order
are neglected. These fluctuations give an additional scatteRunge—Kutta formulas, and the counter- and co-ion concen-
ing contribution to the counterion structure fac®y. only.  trations at the cell boundary were optimized to satisfy the
The cross tern§,,. [and, hence, the ratio in E¢7)] is un-  boundary conditiong(r.)=0 and¢’(r.)=2¢&/r., where
affected due to the heterodyne interference between the arthe prime denotes differentiation with respect to the radial
plitudes scattered by the DNA and the counterions. Focoordinater.?? The distance of closest approach, cell radius,
highly charged polyelectrolytes, the additional scatteringand nucleotideicharge repeat distance were fixed at their
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10—2 TABLE II. Concentrations in mole/df (—) Not present or less than 1%.
Set Solute DNA N& P#* spgt cCI
10~ I Pu-DNA, 0.10 - 0.05 - -
= 1] Pu—-DNA, 0.05 - 0.025 - -
= 11 Na—DNA/SpCh 0.10 0.10 - 0.02 0.06
\Y, Na—DNA/SpCk 0.05 0.05 - 0.01 0.03
-6
10

salt free sodium form by dissolving it in a 50 mM NacCl, 24
mM EDTA buffer and extensive dialysis against watpu-
FIG. 1. Counterion concentration profile versus distance away from thdified by a Millipore system with conductivity less than
DNA axis. Solid, dashed—dotted, and dashed curves refer to PB, MPB, anfi X 10" 6~ cm™1). To avoid denaturation, care was taken
MC cglculations, respectively. The profiles are calculated with the paramthat the DNA concentration did not drop belowx30 3
eters in Table |. mole of nucleotides/df The differential molecular weight
distribution was monitored by size exclusion chromatogra-
nominal values listed in Table I. For simple salt free solu-Phy (SEQ with light scattering detectioff. Further SEC
tions, the numerical results agree with the analytical solutiorfractionation resulted in a relatively monodisperse mononu-
for a single species counterion in the cali® cleosomal DNA eluent fraction with weight average molecu-
The MPB approach attempts to improve upon the pBar weight M,,=104000 (157 base paijsand M,,/M,
treatment by incorporating the ionic correlation and exclu-=1.14. The ratios of the optical absorbenci@sse/Azgo
sion volume effects. Details of the MPB equation for the cell=1.91 andAxse/ Az7¢=1.21 indicate that the material is es-
model in cylindrical geometry have been described in Refssentially free of protein and phenol, respectivElyDNA
17, 19, and 20. Numerical solution of the MPB equation wagVith PUP™ counterions was prepared by pouring a Na—DNA
obtained through a quasi-linearization iterative techniquesolution through a cation exchange re¢Biorad AG 50W
The same method applied to the PB equation gave identicaf8). Atomic absorbance spectroscopy showed that the re-
results to that from the Runge—Kutta technique, which, insidual sodium content in Pu—DNAwithout sal} is less than
turn, coincided with the analytic solution in the case of salt1%. The hypochromic effect at 260 nm exceeds 35%, which
free solutions with one species of counterions diff This ~ confirms the integrity of the double helix.
served as a useful check on some of the numerics. Concentrations were determined by weight, using the
The MC simulations involved standard canonical me-water content in the freeze-dried materials, and checked with
tropolis algorithm. Again essentially the same procedure a¥V spectroscopy. Four sets of samples were prepared. The
described in Refs. 19 and 20 was adopted. In most cases, tHest two sets were made with 0.1 and 0.05 mole
length of the central simulation box corresponded to a polynucleotide/dr Pu—-DNA;, respectively(i.e., without added
ion Segment W|th 2(102_4>< 102 monomer units_ In a typ|_ Simple Sal):. The second two sets contain mixtures of Na—
Ca| run around & 1(?_ 10X 106 Configurations were DNA and Spq with nucleotide concentrations 0.1 and 0.05

Samp'ed of which 2(165_3>< 165 Configurations were used M, respectively. In the latter two SetS, the molar ratio be-
for equilibration. tween Na—DNA and Spglis fixed at 5 to 1. The ion con-

The radial counterion profiles obtained from PB, MPB, centrations are listed in Table Il. For contrast variation, each
and MC calculations are displayed in Fig. 1. With increasingS€t was prepared in 0, 33, 63, and 99 %OD The solvent
valence, the counterion concentration close to the DNA surcompositions were determined by weight and checked with
face increases with a concurrent decrease for larger didR spectroscopy. Scattering length contrasts were calculated
tances. For monovalent counterions, the three theoretical apith Eq. (2) and the parameters in Table Il and are collected
proaches give similar results, showing that the inclusion ofn Table IV. The DNA scattering length has been calculated
ionic correlation effects does not change the profile to a sigising the values reported by Jacfoand according to the
nificant degree. In the case of divalent and especially fofalf thymus base composition A:G:C:T:5-methylcytosine
trivalent counterions however, the more elaborate MPB and3028022021028001 Reference solvent Samples with
MC results are close together and show a stronger confindbatching HBO/D,O composition were also prepared. Stan-
ment in comparison with the classical PB approach. These
results reinforce similar conclusions reached in earlier

Works_lgvzo TABLE IlIl. Partial molar volumes and scattering lengths. X denotes the
D,0O mole fraction(effect of exchangeable hydrogen
1. EXPERIMENTAL SECTION Solute + (cimole b, (102 om)
A. Solutions DNA 172 9.772+-2.020X
DNA fragments were obtained by micrococcal nuclease Sf;: 140 —0.765+8.328X
digestion of calf thymus chromatfi. After precipitation in Eo 91: :8'12?6'246)(
cold 2-propanol, the DNA pellet was dried under reduced DiO 18 1915

pressure at room temperature. The DNA was brought to the
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TABLE V. Scattering length contrast in 18 cm.

Solvent bona bpy Esp
H,0 11.4 0.3 0.5
33% D,0 5.5 -1.4 -2.0
63% D,O 0.1 -2.8 —4.4
99% D,O -6.3 ~4.5 -7.2
dard quartz sample containers with 0.1 ¢for samples in q(nm™)

ure HO) or 0.2 cm path length were used.
P H0) P 9 FIG. 2. Experimental SANS intensity versus momentum transfer from 0.05

mole of nucleotides/dmPu—DNA,. The H0O/D,O solvent composition is
0, 100, 33, and 63 % fD from top to bottom. The lines represent a two-

B. Scattering parameter fit in which the partial structure factors are optimized.

SANS experiments were done with the D11 and D22
diffractometers, situated on the cold source of the high neudata are not influenced by this effect. Fgr-3 nm ™t the
tron flux reactor at the Institute Max von Laue—Paul Lange-intensities become very small of the order of the error margin
vin (ILL), Grenoble, France. The temperature was kept abx10 2 cm™.
293 K. Sample sets | and lllsee Table )l were measured
with the D22 instrument in two different configurations. A |v. RESULTS AND DISCUSSION
wavelength of 0.7 nm was selected and the effective dis- Data analvsis
tances between the sample and the planar square multidetec- y
tor (S—D distancewere 1.25 and 4 m, respectively. This For simple salt free solutions, all ions come from the
allows for a momentum transfer range of 0.1-4.1hnSets DNA and there are three molecular components only: sol-
I, Il (duplicate measurementand IV were collected with vent, DNA nucleotide monomers, and counterions. The sol-
the D11 instrument in two different configurations. The vent is treated as a uniform background and a description of
wavelength was fixed at 0.5 nm and the detector was subséhe structure thus requires three partial structure factors. In
guently placed at 4 ah8 m from the sample position. These the case of Na—DNA solutions with added SpCthe salt
S-D distances allow for a momentum transfer range of 0.2-gives two additional components and, now, the structure is
3.6 nm! The counting times were approximately given by 10 partial structure factors. The Cand Na  ions
2 h/sample, irrespective instrument and S—D distance. Datdo not contribute to the scattering to any significant degree,
correction allowed for sample transmission and detector efdue to negligible scattering length contrast. Accordingly, for
ficiency. The efficiency of the detector was taken into ac-an analysis of scattering data, the Na—DNA/SpS§tilutions
count with the scattering of 0. Absolute intensities were can be considered as three component systems as well. The
obtained by reference to the attenuated direct beam and tlewunterions, which contribute to the scattering, are derived
scattering of the pure solvent with the samg#D,O com-  either from the DNA (P&" in salt free solutionsor from the
position was subtracted. Finally, the intensities were corsalt (Sp* in Na—DNA with added SpG).
rected for a small solute incoherent scattering contribution. The DNA-DNA, DNA-counterion, and counterion—
From the duplicate measurements of sample set I, it wagsounterion partial structure factors can be obtained from the
checked that the data collected with both instruments matclscattered intensities of samples with different contrast length

The scattered intensities display an upturn at very dpw parameters. As an example, Fig. 2 displays the intensities of
values <<0.2 nm%). This upturn is more or less propor- 0.05 M Pu—DNA with contrast matching in the water. The
tional to the BO mole fraction and becomes very sm@l  other samples show similar behavior, except for the suppres-
disappears completelyin H,O. Similar behavior has been sion of the correlation peak in the lowregion in the pres-
observed in synthetic palstyrenesulfonic acidsolutions, ence of SpGl (data not shown Note that in 63% RO so-
despite completely different contrast parametéraccord-  lution DNA is blanked, and the scattering is directly
ingly, the upturn is induced and/or amplified by the use ofproportional to the counterion structure factor. With four ex-
D,0 and is not related to a solvent composition independenperimental intensities and three unknown partial structure
inhomogeneity in solution structure. The difference in thefactors per set, the data is overdetermined and the partial
dielectric constants of light and heavy water is very smallstructure factors can be derived by orthogonal factorization
[¢,=80.4 and 79.8, respectively, at 293 &d concomitant in a least-squares senge., a three-parameter fit to four data
effects on the charge distribution are insignificant. A numbeipoints for everyg valug. For 0.05 M Pu—DNA, the results
of experimental parameters have been checked, such@s Dare shown by the symbols in Fig. 3. The statistical accuracy
purity, cell path length, pulsed and reactor neutron sourcegf the counterion—counterion structure factor is especially
and different diffractometers, but a satisfactory explanatiorpoor, due to the moderate Pu scattering length contrast
has not been offerett:*2**For higherq values, the intensi- (Table IV) and relatively low solute concentrations.
ties comply with solvent composition independent structure  The accuracy of the derived partial structure factors can
factors. Accordingly, it is assumed that fgr-0.2 nm ' the  be improved with the assumption that the double layer struc-
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(a)

0.1

» 0.05

q(m™)

FIG. 3. DNA-DNA (A), DNA-PUZ" (O), and Pd"—PU#" (V) partial
structure factors in 0.05 mole of nucleotidesfdRu—DNA, solutions ob-
tained from a three-parameter fit. The solid curves result from a two-
parameter fit.

ture is invariant to DNA concentration fluctuations. In this
case, the partial structure factors can be expressed as a prod-
uct of terms involving the radial profiles and a term describ- -1
. . L q(nm™)
ing the polymer structure, but for rods with vanishing cross
section[Eq. (4)]. In previous work, it was shown that for FIG. 4. DNA structure factor multiplied by momentum transfés),
DNA with TMA * counterions the structure factqiabtained  Na—-DNA/SpCi; (b), Pu-DNA. The nucleotide concentrations are 0.05
fom a three-parameten findeed satisfy Eqi4) “ The poly- (1)1 . Toe ol s St e it o of e
mer structure tern$(q) is positive definite, due to the fact _4 171 .
that it represents a scattered intenditg., squared ampli-
tudeg. Accordingly, with Eq.(4) the intensities Eq(1) can be
expressed in terms of two unknown factong;(q)
=5(q)¥%a;(q) rather than three partial structure factors
Sj(a) (i,j=m,c). With a nonlinear least-squares proce- For Pu—DNA and Na—DNA with added Spg| no high
dure, the two factorsi;(q) were fitted to the data and the q plateau value in thgS,,,, versusq plot is observed in Fig.
partial structure factors were reconstructed according to Egt. The finite DNA cross section is responsible for the ab-
(4). The fitted intensities and the derived partial structuresence of rodlikeq ! scaling, as has previously been ob-
factors are given by the solid curves in Figs. 2 and 3, respecserved in Na—DNA fragment solutions with excess KBr.
tively. Now, the statistical accuracy has improved and theFor q exceeding, say, 1 nnt, the structure factors approach
partial structure factors agree with the results obtained fronthe limiting form of the rigid rod form function Eq(6),
the model-free three-parameter fit. This agreement is particud, j =m) with the Hankel transform Eq@8) of a steplike
larly gratifying in the case of the cross term, which describeswucleotide profile. The fragments have weight average con-
the density correlations between the DNA and the counteritour lengthL =54 nm and, hence, flexibility effects on the
ons and, hence, gives the double layer structure. form function are less than 4% for the lower boupd~5

All of the data was analyzed with the two-parameterand become negligible ag is increased® The optimized
procedure and similar agreement was obsertata not value of the DNA radius, is 0.8 nm. A Gaussian radial
shown. The DNA—-DNA partial structure factor multiplied profile gives an equally good fitesults not shownandr,
by momentum transfer is displayed in Fig. 4. The DNA-can be considered a cross-sectional radius of gyration. The
counterion and the counterion—counterion partial structur@alue of r, agrees with the previously reported value for
factors are shown in Figs. 5 and 6, respectively. In the latteDNA with monovalent alkali counterions and is slightly
two figures, we have also included previously reported resmaller than the outer radius of 1 nm for a double helix in the
sults pertaining to salt-free DNA with monovalent TMA B form.? This difference can be rationalized on the basis of
counterions (but reanalyzed with the two-parameter the relatively open molecular structure and the existence of
procedurg ¥ For the sake of comparison, all structure fac-grooves. Multivalent polyamines have no detectable effect
tors are normalized to unity in thg—0 limit and in the on the DNA cross-section and tleaxis-projected distance
absence of inter-DNA correlatiod$.Due to the accumula- between nucleotide®.171 nm.
tion of counterions around DNA, the DNA-counterion par- In the low g region, the data deviate from the intrachain
tial structure factor shows a minimum corresponding to aunction due to inter-DNA correlations. For the salt free
negativevalue of the structure factor at~2 nm 1. Forthe =~ Pu—DNA,, a correlation peak at finite wavelengths is ob-
same reason, the counterion—counterion partial structure faserved, which shifts to lowey values with decreasing DNA
tor displays a singularity and secondary maximumgat concentration according tpﬁ’z. The peak position and its
~1.5 and 2 nm?, respectively. The positions of these fea- concentration scaling are similar to those reported for DNA
tures are very sensitive to the distance of closest approadhagment solutions with monovalent counteridhsin the
between the counterion and the DNgee below. case of Na—DNA with added Spglthe correlation peak is

B. DNA structure
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0.2

q (nm™") S

FIG. 5. DNA-SP" (a), DNA—PW/Z" (b), and DNA-TMA" (c) cross partial — N .
structure factor versus momentum transfer. The nucleotide concentratiofg®- & AS in Fig. 5, but for the Sp (), P?* (b), and TMA™ (c) coun-

are 0.05(+) and 0.1(O) M. The curves represent the single cell expression terion partial structure factor.
Eqg. (6) with radial counterion profiles from P&olid lines and MC(dashed
lines) calculations.

effects become progressively less important and the structure

factors reflect the counterion organization around a single
suppressed with a concurrent increase in intensity in th®NA molecule. Accordingly, in the correspondimgregion
smaller q region. However, a complete discussion of thethe (normalized structure factors obtained for the different
inter-DNA solution structure is beyond the scope of thenucleotide concentrations superpose and may be compared
present contributiofsee Ref. 27 for a discussion of the DNA with the single-cell calculations.
fragment solution structure in the presence of monovalent The single-cell partial structure factors were calculated
sal). Here, we will focus on the double layer structure, with the highq limiting form Eq. (6) and the radial counter-
which is reflected in a direct manner by the DNA—counterionion profiles based on the classical PB and MPB equations,
and counterion—counterion partial structure factors. and/or MC simulation(see Fig. 1 With our lower bound
qL~5 finite DNA contour length and flexibility effects on
the structure factors are insignificant. The results are denoted
by the curves displayed in Figs. 5 and 6 and refer to 0.05

The normalized DNA-counterion and counterion—mole of nucleotides/dfn For 0.1 M DNA the theoretical

counterion partial structure factors for mono-, di-, and triva-predictions are similaknot shown. The MPB results are
lent (TMA*, PU", and SP") counterions are displayed in very close to the MC simulation results and are not displayed
Figs. 5 and 6, respectively. With increasing counterion vafor reasons of clarity. In the MC simulation, the distance of
lence the double layer becomes more confined and, hencelosest approach. was optimized in order to reproduce the
both structure factors scale toward higher values of momenpositions of the minimum in the counterion structure factors
tum transfer. As in the case of the DNA—DNA structure (Table ). Nice agreement is observed in the highregion
factor, the counterion involved partial structure factors ex-where interference effects between different cell volumes be-
hibit a peak(for Pu—DNAy) or suppression in the lowy  come progressively less important. In particular, the scaling
region (with excess SpG) due to interference effects be- of the structure factors toward higher values of momentum
tween double layers pertaining to different DNA molecules.transfer with increasing counterion valence is reproduced.
For higher values of momentum transfer, these interferencéhe MC, MPB, and PB results are close, or even superpose

C. Double layer structure
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nal counterion molecular structure in the calculation of the
structure factors.

The distance of closest approachbetween the coun-
terion center of mass and the DNA spine-axis agrees with the
physical extent of the DNA moleculéwvith cross-sectional
radius of gyratiorr ,= 0.8 nm), hydration shell, and counter-
ion size. For instance, in TMACI solutions with cation con-
centrations similar to those within the double layer, intermo-
lecular correlations about TMA start rising at~0.36 nm
and peak at-0.46 nm from the central nitrogen atdthlf
the TMA™ counterion is drawn into close contact with the
DNA phosphates with a concurrent displacement of hydra-
tion water,r . is expected to take a value around 1.45 nm. Of
course, the polyamines are linear molecules, whereas in the
calculations they have been modeled as charged hard
spheres. The low resolution of the SANS experiment and the
fact that the structure factors are averaged over DNA orien-
tation do not warrant a more detailed description of the mo-
lecular structure. Accordingly, the distances of closest ap-
proach in Table | should be interpreted as averaged values
over polyamine orientation and different DNA sites; e.g.,
polyamines near the grooves might be arranged differently
than those near the phosphatér the polyamines, the op-
timized distances of closest approach are comparable to the
TMA™ value, which shows that the polyamines also do not
significantly penetrate the grooves nor come very close to the
DNA surface.

D. Charge ordering

q(m™")

For simple salt free solutions, every charge carrier is

FIG. 7. As in Fig. 5, but for the ratio of the DNA—counterion and DNA gssociated with a DNA nucleotide or counterion. Accord-

(nucleotidg partial structure factors. ingly, for the latter systems it is of interest to construct the
charge—charge structure factbr

S;40) = Snm(Q) — 28 d(a) + See(Q) (€)

in the case of monovalent counterions, and, from these rewhich describes the spatial fluctuations in charge density and
sults, it is hard to prefer one theoretical approach to anothefis particularly sensitive to the ordering of the icHsThis
Such behavior of monovalent counterions is of course welfactor displays a characteristic maximum at wavelengths of
known in the double layer literature. the order of the inverse double layer thickness. The charge
For lower values of the momentum transfer, the datsstructure factor should obey the Stillinger—Lovett sum
deviate from the single-cell predictions and a completerules.32 In the g—O0 limit the charge structure goes to zero
analysis of the DNA interactions seems to be necessanpecause of overall charge neutrality. By expanding 4.
However, if the assumptions leading to E4) hold, lowqg  up to the second power of one obtains the second moment
interference effects can be eliminated in taking the ratio Eqof the charge density pair correlation, which is a definition of
(7) of the DNA—counterion and DNA—DNA structure factor. the screening length. For highvalues, the charge structure
Indeed, as observed in Fig. 7, inter-DNA correlations arefactor decreases with increasiggbecause the internal struc-
effectively cancelled and the data pertaining to two differenture of the charge carriers is probed. With E4) the cell
nucleotide concentration®.05 and 0.1 M coincide. Now, model expression of the charge structure factor reads
the comparison with the theoretical cell-model predictions _ -~ 2 S
can be extended to the low region. In the case of S:40)=S(0) (an(@)~a:(a)”  (qL>1) (10
Pu—DNA,, the PB prediction seems to be in better agreeWwith the single-cell highg limiting form
ment with the data, but the difference with the MC or MPB -
results is of the order of the experimental reproducibility. In S,(q)= —L(am(q)—ac(q))2 (qL>1). (11
the case of trivalent Sp, the classical PB equation clearly q
underestimates the counterion confinement and the MQhe first term of the expansion of the radial terms is propor-
simulation or MPB approach is superior in predicting thetional tog*, whereas correlations between different cell vol-
structure factor. Especially for the polyamines in the higher umes can be made arbitrarily small at high polyion dilution.
range ¢>2.5 nmY), the data deviate from the theoretical Accordingly, it is necessary to include counterion fluctua-
predictions. This can be attributed to the neglect of the intertions about the average profile if we wish to satisfy the sec-
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ence effect, the data are close to the single-cell calculation
and do not show a limiting? behavior. With the profiles
resulting from MC simulation, the theoretical predictions are
similar (TMA™) or a little different within experimental re-
producibility (P#*).

0.04 (a)
0.03
D 0.02

0.01
V. CONCLUSIONS

With a view to describing the structural arrangement of
condensing ligands near DNA, we have obtained the DNA—
DNA, polyamine—polyamine, and DNA—-polyamine partial
structure factors. From the highy behavior of the DNA—
DNA structure factor, it was observed that multivalent coun-
terions have no detectable effect on the DNA local structure,
i.e., the cross-sectional radius of gyration and the distance
between nucleotides. The partial structure factors that in-
volve the counterions are sensitive to the distance of closest
approach of the counterion center of mass to the DNA spine
» axis. The optimized values for Pliand SB* are similar to

q(nm™) the value for TMA"™ and agree with the physical extent of
FIG. 8. Charge structure factor for simple salt free Pu—pNA and the DNA molecule, hydration water, and counterion size.
TMA-DNA (b). The nucleotide concentrations are 0(@9 and 0.1(O) M. This shows that the polyamines do not significantly penetrate
Tr_\e curves represent the Iimiting form of the _single cell expressi_or(:Elm. the grooves and/or come very close to the DNA surface. Any
\é\”th rad@l counterion profiles from thg classical PB calculatisolid and spatial inhomogeneity in dielectric permittivity close to DNA
ashed lines for 0.05 and 0.1 M solutions, respectively . } .
results in a scaling of the structure factors towards higher
values of momentum transfddue to stronger counterion
ond moment sum rul& Furthermore, the charge structure confinementand, hence, cannot compensate for the effect of
factor is related to the static longitudinal dielectric functiona smaller distance of closest approath.
£(q), which is ag-dependent generalization of the macro- All the structure factors are sensitive to interference be-
scopic dielectric constant. tween double layers pertaining to different DNA molecules.

For salt free TMA—DNA and Pu—DNAsolutions, the In taking the ratio of the DNA—polyamine and the DNA—
charge structure factor is displayed in Fig. 8. The data apPNA structure factors, these interference effects are effec-
proach zero in the long wavelength limit and show a maxi-tively cancelled and data collected from solutions with dif-
mum at finite values of momentum transfer. With increasingferent nucleic acid concentrations superpose. This
counterion valence, the maximum decreases and its positiasbservation strongly supports our hypothesis concerning the
shifts to higherq values. This is related to the stronger neglect of correlation between fluctuations in inter-DNA
charge confinement and the decrease in range over which tlseparation and orientation and double layer structure. With
charges are allowed to fluctuate with increasing Coulombncreasing counterion valence, the ratio of the structure fac-
coupling. The effect of DNA concentration is most clear intors scales toward higher values of momentum transfer, in
the case of TMA—DNA. Here, the charge structure factoragreement with a stronger confinement due to increased
shifts to lower values of momentum transfer and become&£oulomb coupling. The data can be interpreted with radial
oscillatory with decreasing concentration. With an increasecounterion profiles derived from the PB and MPB theories or
in available volume, the screening decreases with a concuthe MC simulation within a single-cell volume. For monova-
rent increase in charge ordering. The latter phenomenon odent counterions, the various theoretical approaches yield
curs because the counterion concentration far away from th&milar results. In the case of Pu—DMNAthe PB prediction
DNA can now drop to lower values. For the more diluted seems to be in better agreement, but the difference with the
0.05 M Pu—DNA, this oscillatory behavior is also observed,MPB or MC results is of the order of the experimental re-
although less pronounced due to the stronger Coulomb inteproducibility. For trivalent Sp", ionic correlation effects are
action. most pronounced and the MPB thedor MC simulation is

The single-cell calculation Eq11) with the radial coun-  superior in predicting the structure factors.
terion profile based on the classical PB equation is also dis- For simple salt free TMA-DNA and Pu—DNAsolu-
played in Fig. 8. Double layer theory predicts the orderingtions, the charge structure factor is derived and interpreted
and the range over which the charges are allowed to fluctuatgith the single-cell predictions. The theory predicts the
satisfactorily. Features such as the effect of counterion vacharge ordering and the range over which the charges are
lence, DNA concentration, and the onset of oscillatory be-allowed to fluctuate satisfactorily. Features such as the ef-
havior are nicely reproduced. In particular for TMA—DNA, fects of counterion valence and DNA concentration are
in the low g region deviations from the single-cell calcula- nicely reproduced. With decreasing concentration the onset
tion are observed due to interference between double layers oscillatory behavior is observed, which should reflect in
pertaining to different DNA molecules. Despite this interfer- the g dependent generalization of the dielectric constant. The

0.04
0.03
N

» 0.02

0.01
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data do not show a limiting? behavior, which indicates that Here, J, is the zero order Bessel function of the first kind
the contribution given by counterion fluctuations is small. and u is related to the rod orientation according to the in-
The structural arrangement of Puand Sp* can be productﬂza.,;_ The first term on the right of EqA2)

fully rationalized in terms of their valence; the distances ofdepends on the length, whereas the second term involves
closest approach are similar and comparable to the value fein integral of the radial density profilg(r). In the case of
TMA™. These ions are too large to penetrate the grooves tgeutron radiation the conditiogL>1 is often fulfilled and
any significant extent. In the case of*3pit is necessary to  one essentially probes local structure about the polyion. In
include ionic correlation effects, but this could be accom-thjs sjtuation, the first term is approximately zero unlgss
plished by modeling the ligands as hard spheres. These re-0, Accordingly, to a good approximation, the rod orienta-

sults imply that DNA condensation in the presence oftion x dependence of the second radial term can be ne-
polyamines is largely governed by electrostatic interactionsglected and takes the form

This is in accordance with the observation that condensation

is determined by the total charge neutralization of the DNA, [ reen
rather than by the binding of the multivalent catiper se'+ ai(q)= 0 dr2ar Jo(qr) pi(r). (A3)
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APPENDIX: PARTIAL STRUCTURE FACTORS IN THE have little effect on the radial counterion density profile
CELL MODEL and/or its Hankel transform EQA3). If the radial profiles
The rodlike polyion structure can be recognized in Eq.2re assumed invariant to fluctuations in inter-rod separation

(3) by replacing the integral overin the total volumeV into and or.|entat!on, Eq(Al)_can be expressed as a product of
erms involving the profiles and a term describing the poly-

integrals relative to the center of mass of the rod and thef} . S
sum over all rods. The identical rod carries the ldbetd its ~ M€" structure(but for rods with vanishing cross sectjon

orient_ation and cent_e?r of mass are denotedwbgind I, re- Sy(a)=S(@a(q) a(q) (qL>1) (A4)
spectively. The position relative to the center of mass, is
and r=I+r,. With these definitions, the structure factors With
take the forrfi
1 5 P —)I
__ s et S<q>=v—m<2exrx—q-<l—l ))
Sij(Q)—m exp(—ig-(1—=1")) [

I’

sin(quL/2) sin(q,u’L/2)> (A5)

- - - X ;
XJ dr, exp(—iqg-r)pi(r) quL/2z  qu'L/2
Veell
) L R The summation runs over all rod$#1") and rod pairs
X fv dry/ exp(lq-r|,)pj(r|,)> (AL)  (T#0"). For correlations within a single cell, the brackets
cell . . . .
denote an isotropic orientation average and Hég) and
and the integrals have to be done ovein the cell volume  (A5) take the relatively simple form
V- The brackets denote an average over rod orientation .
and inter-rod separation. The summation runs over all cell B sin(quL/2)
s . - Sij(a)= Taullz
pairs (| #1") and single cellsi(=1"). 0 qu
For a uniform longitudinal monomer and counterion dis-
tribution the integral in the cell volum¥ ., can be factor- %lai(q)aj(q) (qL=>1,=1"). (AB)
ized into two term& qL

2
ai(q)a;(q)

1
du

1 - - - Here, the polymer structure reduces to the limiting form of
N; Vce”dn exp(=ig-r)pi(ry) the scattering function of a rigid rod with vanishing diam-

eter. For strongly charged rods, there is no closed analytical

_ sin(QuL/2) [Tl expression available of the inter-rod structure, and, accord-

qulL/2 ingly, the# 1" contributions are difficult to evaluate.

dr 27r Jo(qr\/l—,uz) pi(r). (A2)
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