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ABSTRACT. Polyamines such as spermidine and spermine are abundant in living cells and are believed to
aid in the dense packaging of cellular DNA. DNA condensation is a prerequisite for the transport of gene
vectors in living cells. To elucidate the structural features of polyamines governing DNA condensation,
we studied the collapse #fDNA by spermine and a series of its homologue\(€H,)sNH(CHz)n—2—12NH-
(CH)sNH2 (n = 4 for spermine), using static and dynamic light scattering techniques. All polyamines
provoked DNA condensation; however, their efficacy varied with the structural geometry of the polyamine.
In 10 mM sodium cacodylate buffer, the EGralues for DNA condensation were comparablet{4L

uM) for spermine homologues with= 4—8, whereas the lower and higher homologues provoked DNA

condensation at higher BE§€values. The E§ values

increased with an increase in the monovalent ion

(Na") concentration in the buffer. The slope of a plot of log Eg@olyaminé™)] against log [N&] was
~1.5 for polyamines with even number valueswfvhereas the slope value wad for compounds with
odd number values of. Dynamic light scattering measurements showed the presence of compact particles

with hydrodynamic radiiR,) of about 46-50 nm for ¢
increase in methylene chain length separating the

ompounds with = 3—6. R, increased with further
secondary amino groups of the polyBRriné<

70 nm forn = 7—10 and>100 nm forn = 11 and 12). Determination of the relative binding affinity of

polyamines to DNA using an ethidium bromide dis

placement assay showed that homologues~vdth

and 3 as well as those witlh > 7 had significantly lower DNA binding affinity compared to spermine
and homologues with = 5 and 6. These data suggest that the chemical structure of isovalent polyamines
exerts a profound influence on their ability to recognize and condense DNA, and on the size of the DNA

condensates formed in aqueous solution.

DNA condensation into compact structures has received
considerable attention in recent years due to its biological
implications in DNA packaging in virus heads and chromatin

effectiveness of various cations in condensing DNA generally
depends on valence, those with higher positive charge
inducing condensation at lower concentratioB)s Compac-

as well as to understand the mechanism of uptake of genetion of DNA is favored when 8990% of the negative charge

vectors in living cells {—5). Several studies have demon-
strated the efficacy of internal proteins, neutral polymers,
and polyamines in condensing DN&-13). The relative
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density of DNA is neutralized by multivalent cations. Linear
cellular cations such as the ubiquitous polyamines, spermi-
dine and spermine, aid in the packaging of cellular DNA in
a compact state by lowering the free energy of transition
(14). Among the naturally occurring polyamines, spermine
is more efficacious in stabilizing and condensing DNA than
putrescine and spermidin®)( In vitro, these polycations
rQeutralize the DNA phosphate charge and provoke mono-
molecular condensation into compact forms such as rods,
toroids, and spheroids, which are structurally similar to phage
DNA in the precursor capsid of viruse$(Q, 12, 15-18).

Polyamine-mediated DNA condensation belongs to the
more general class of cation-induced DNA condensafien (
4). In this process, DNA is in the B form, and condensation
is intramolecular at low concentrations, with condensates
having a toroidal appearance in the electron and atomic force
microscope 18, 19. Studies by Wilson and Bloomfield)
on polyamine-induced condensation of T7 DNA by total
intensity and quasi-elastic laser light scattering showed that
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the amount of polyamines required to induce the condensa- H

tion process varied by more than 3 orders of magnitude over323:  HN AN AANA NH,
a range of Na and Mg" concentrations. These authors HH
successfully applied the counterion condensation theory, 3-3-3: HZN\/\,an\/\,NHZ
developed by Manning20) and Record et al.2(), to
calculate the polyelectrolyte charge neutralization during the
collapse of DNA by polyamines. Binding studies of
polyamines to DNA using equilibrium dialysi2) as well H NH
as NMR @3) and Raman spectroscopy4j indicated 3-5-3:  HoN AN AN T2
nonspecific, electrostatic interactions between DNA phos- H

phates and polyamines. However, X-ray crystallographic 3-6-3:  HyN ~ NN NANH,
analysis 25—28) and molecular modelin@9) suggested that H
polyamines might occupy specific sites, especially the major
and minor grooves, in different DNA conformations.
Polyamine structural specificity effects appear to play an H

important role in the induction and stabilization of left-  3-8-3:  HN ~ NN AN N,
handed Z-DNA and triplex DNA alsa3Q, 3J.

H H
Thomas and Bloomfield1Q) investigated the ability of  3-9-3:  HyN AN AN AN,
two trivalent cations, Co(NkJe*™ and spermiding, to
condense T7 DNA and found significant differences in the 3 ;4.5. HoN s/\/n\/\/\/\/\/\N’\/‘NHZ
critical concentrations of these cations to provoke the H
condensation process. The size of the condensates was, 44 .
generally smaller with Co(NkJe*" compared to that of ’
spermidiné®, as measured by dynamic laser light scattering. H
Allison et al. @2) further found differences in the ability of 3123 HaN S NNSANAAASANANA N,
a series of spermidine homologues to induce the condensatiorkigure 1: Chemical structures of spermine and its homologues
of 929 phage DNA. Srivenugopal et aB3) reported that used in this study.
the concentration of spermidine homologues necessary to
aggregate negatively supercoiled Col E1 DNA progressively dissolved in 10 mM cacodylate buffer (10 mM sodium
increased as the diaminobutane moiety of spermidine wascacodylate, pH 7.2, and 0.5 mM EDTA) and was extensively
extended beyond five methylene groups. Schellman anddialyzed against the same buffer. The concentration of the
Parthsarathy34) showed that the structural arrangement of Stock solution was adjusted to 1 mg/mL. The absorbance
DNA precipitated by the spermidine homologues had a ratio (Axd/Azs0) was 1.9, indicating that the DNA was free
strong dependence on the chemical structure of the polyaminesof protein contamination. The stock DNA solution was
The Bragg spacing and the calculated interhelical spacingfurther diluted in 10 mM cacodylate buffer to give a
for a hexagonal packing model of DNA varied systematically concentration of 0.xg/mL.
with the length of the methylene bridge. Recent studies Polyamines and Reagenpermine4HCl was purchased
further show significant differences in the ability of a group from Sigma Chemical Co. The structural homologues of
of spermine analogues to aggregate oligonucleotides andspermine, 1,10-diamino-4,7-diazadecane (3-2-3), 1,11-di-
genomic DNA 85). However, the structural specificity effect amino-4,8-diazaundecane (3-3-3), 1,13-diamino-4,10-di-
of tetravalent spermine homologues on DNA condensation azatridecane (3-5-3), 1,14-diamino-4,11-diazatetradecane
has not yet been investigated. (3-6-3), 1,15-diamino-4,12-diazapentadecane (3-7-3), 1,16-
To understand the role of polyamine structure in DNA diamino-4,13-diazahexadecane (3-8-3), 1,17-diamino-4,14-
condensation, we synthesized a series of spermine homodiazaheptadecane (3-9-3), 1,18-diamino-4,15-diazanona-
logues, HN(CHz)sNH(CHa)n—z-1:NH(CH,)sNH, (n = 4 for decane (3-_10-3), 1,19-d|_am|no-4,_16-d|azae|cosane (3-11-3),
spermine) and studied their ability to conderdsBNA by and _1,20-d|am|n0-_4,17-d|az_ahene|cosane (3-12-3), were syn-
total intensity and quasi-elastic laser light scattering tech- thesized as described previous86( 37. The structure and
niques and found a marked effect of the length of the central PUrity of all polyamine homologues were confirmed by
methylene region of polyamines on their ability to induce €leémental analysis, NMR, HPLC, and mass spectrometry.

H
3-4-3: HoN \/\/N\/\/\N/\/\NHz
H

H H
3-7-3:  HoN AN AANAACNNNH,

H H
HoN AN NN NH

the condensation and thi#! of the condensates formed. The chemical structures of these polyamine homologues are
given in Figure 1. Polyamine homologue stock solutions (50
MATERIALS AND METHODS mM) were prepared in sterile, double-distilled water, and

appropriate dilutions were made in 10 mM cacodylate buffer.

DNAs.Highly purified A-phage DNA was purchased from All other reagents, including ethidium bromide and
Sigma Chemical Co. (St. Louis, MO). This DNA was chemicals for buffers, were of the highest purity and

purchased from Sigma Chemical Co.

! Abbreviations: R,, hydrodynamic radius; 3-2-3, 1,10-diamino-4,7- Total Intensity Light Sc_atte”ng*'ght scattering experi-
diazadecane; 3-3-3, 1,11-diamino-4,8-diazaundecane; 3-5-3, 1,13-di-ments were performed using a Fluoromax-2 spectrofluorom-
amino-4,10-diazatridecane; 3-6-3, 1,14-diamino-4,11-diazatetradecanegter (Jobin Yvon-Spex Instruments S. A., Inc., Edison, NJ).
3-7-3, 1,15-diamino-4,12-diazapentadecane; 3-8-3, 1,16-diamino-4,13- ; :
diazahexadecane; 3-9-3, 1,17-diamino-4,14-diazaheptadecane; 3-10-3"Ight from a 150 W xenon |§1mp was flltereq thrOUQh double
1,18-diamino-4,15-diazanonadecane; 3-11-3, 1,19-diamino-4,16-diaza-/NONOCchromators. The excitation and emission monochro-
eicosane; 3-12-3, 1,20-diamino-4,17-diazaheneicosane. mators were set to the same wavelength of 305 nm with 5
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nm band-pass, the integration time was edi & toincrease (3)
the sensitivity, and the scattered light intensity was collected
at a 90 angle with respect to the incident beam. The con- whereD; and R, respectively, are the diffusion coefficient
densation experiment was performed in 10 mM cacodylate and hydrodynamic radiudk(= R;) of that component. The
buffer, pH 7.2. All buffers were filtered through 0.26n normalized display of the area under the curve for each
type GS Millipore filters before use. A concentration of exponential contributionX) versusR is the percent intensity
0.25-0.5 ug/mL DNA solution was usedni a 2 mL of the distribution of the histogram, and the mean radius of
disposable borosilicate glass tube. Small quantitiek(uL) a particular subpeak is obtained from the histogram using
of polyamine solutions were added to the DNA solution to the expression:
the desired concentration; the solution was mixed gently and
kept undisturbed for a period of 30 min at 22 to attain 4)
equilibrium. The solution was then centrifuged at §@0r ) ) ) )
about 30 min at 22C using a Beckman GS 6KR centrifuge ~ DNA solutions were prepared, mixed with polyamine
to reduce light scattering from dust and aggregate particles.5°|u_t'0n5, and Cem.”fUQGd to remove dust apd aggregated
To determine the effect of centrifugation on the concentration Particles, as described above for the total intensity light
of DNA in the supernatant, we measured thg, value of scattering experiment. Then 4P of the supernatant solution
the solution before centrifugation and that of the supernatantwas transferred to the standard quartz cuvette, and the
after centrifugation. There was no reduction in the DNA Scattered light was measured at“Z2at an angle of 90to
concentration after centrifugation under the conditions of our the incident beam. All measurements were performed in the
experiment or even at 10-fold higher DNA concentrations. Same cuvette to avoid variations due to minor differences

D.q? = (KT/6yR)[(27tn/A) sin (0/2)]

[RO= SAR/ZA,

Therefore, centrifugation at 590does not result in DNA

between cuvettes. The cuvette was washed, rinsed thoroughly

phase separation, and hence the light scattering measuremenith milliQ water, and dried before each measurement.

are representative of the DNA concentrations used in our
study.

Dynamic Laser Light ScatteringDynamic laser light

scattering experiments were conducted using a DynaPro

model MSX (Protein Solutions, Inc., Charlottesville, VA)
equipped wih a 2 Wlaser and a wavelength of 800 nm. A
laser beam was passed through a small quartz cell containin
the sample (polyamine/DNA mixture), and the scattered light
was detected at a 90angle to the incident beam, and

analyzed with an autocorrelator to generate and normalize

the first-order autocorrelation function. For monodisperse
particles much smaller than the incident beam, the auto-
correlation functiong®(z), is given by the equatior3g):

g®(z) = exp[-D’(7)] (1)

wherert is the decay time and (=4zn/[4o sin (0/2)]) is the
scattering vector which is a function of the solvent refractive
index n, the wavelength of the incident beawm, the
scattering angled, and the diffusion coefficienD. The
hydrodynamic radiusR,) is calculated from the diffusion
coefficient using the StokesEinstein equation:

R, = kT/6znD (2)
where k is the Boltzmann constanfT is the absolute
temperature, ang is the solvent viscosity.

Data analysis was performed using a Dynamics Version

Ethidium Bromide Displacement Assayhe relative
binding affinity of spermine homologues tGDNA was
determined using the ethidium bromide displacement assay,
as described previousi39, 40. Binding of polyamines to
DNA causes a displacement of bound ethidium bromide,
resulting in a decrease in the fluorescence emission intensity.

liquots of polyamines were sequentially added to a solution

f DNA (2 uM) containing 1ug/mL ethidium bromide in

10 mM cacodylate buffer at pH 7.2. After each addition,
the mixture was carefully stirred and fluorescence emission
intensity measured at 590 nm with an excitation wavelength
of 510 nm. The total polyamine solution added to the DNA
solution did not exceed 5% of the total volume of the
solution, and hence no correction was made for sample
dilution. All fluorescence measurements were made using a
Fluoromax-2 spectrofluorometer.

RESULTS

Static Light Scattering Figure 2 shows the relative
intensity of scattered light from DNA solutions incubated
with different concentrations of spermine and three of its
higher homologues, 3-10-3, 3-11-3, and 3-12-3. The light
scattering intensity of a dilute solution of DNA was low and
remained unchanged at low concentrations of polyamines.
However, at a critical concentration of the polyamines (4
20 uM, depending on the homologue), a rapid increase in
the scattered light intensity occurred, which then leveled off
to a plateau value, independent of further addition of
polyamines. The increase in the intensity of the scattered

6 software package supplied by the manufacturer (Protein|jight has been attributed to the compaction of DNA with a

Solutions, Inc.). Unimodal analysis was performed on each

large increase in the surface area of the particulate state of

data set, and the autocorrelation function was treated as ahe macromolecule. To quantify the efficacy of different

single decaying exponential with a decay constant directly

polyamines in condensing DNA, we calculated thesgEC

proportional to the diffusion coefficient of the sample. The values, concentrations of polyamines at the midpoint of DNA
quantitative goodness-of-fit between the measured andcondensation. Figure 3 shows the s@alues of spermine

theoretical data, where a monomodal, narrow molecular
weight distribution is assumed, is calculated by a cumulant
method of analysis.

The correlation function of individual components is
related to decay rate by the expression:

and 10 of its homologues plotted against the numhgnf
methylene groups bridging the secondary amino groups of
the tetramines. The Egvalues of the lower homologues of
spermine, 3-2-3 and 3-3-3, wete-fold higher than that of
spermine. The Eg values were comparable & 1 uM)
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Ficure 2: Typical plots of the relative intensity of scattered light

at 90 plotted against the concentrations of spermidg 3-10-3

(a), 3-11-3 @), and 3-12-3 [@). The A-DNA solution had a

concentration of 1.5«M DNA phosphate, dissolved in 10 mM 10

sodium cacodylate buffer, pH 7.4.

20 -
09 10 11 12 13 14 15
- 15r log[Na*, mM]
3 FiGUrRe 4: Effect of [Na"] in the buffer on the midpoint concentra-
o 1or tion of polyamines (Egy) to induce DNA condensation. The
w symbols represent Egvalues for (A): 3-4-3@), 3-5-3 O), 3-6-3
5t (), and 3-7-3¢), and (B): 3-8-3@), 3-9-3 ©0), 3-10-3 (), and
3-11-3 (). Error bars indicate standard deviation from 3 separate
experiments.
0 1 1 1 1 1 1 1 1 1 1 L L
n=12 3 4 56 7 8 91011121314 18
HaN(CH2)3NH(CH2),NH(CH2)3NH2
Ficure 3: Polyamine structural effects on DNA condensation. The s 16F
midpoint concentration (Efg) of spermine homologues necessary Z
to induce DNA condensation is plotted against the number of 3 14k
methylene groups between the secondary amino groups of spermine. 5
Error bars indicate standard deviation from 3 separate experiments. >I~%
O 12t
for spermine, 3-5-3, 3-6-3, 3-7-3, and 3-8-3, although 3-6-3 -
had the lowest E§ value (2.9+ 0.5uM). However, there % ok
was an increase in the Bf£values with the higher homo- '
logues, 3-9-3, 3-10-3, 3-11-3, and 3-12-3, indicating that S
structural specificity effects might play an important role in ,&81 234567 89 1011 12

the ability of these compounds in condensir®NA.
et of Saf Soncerirationve next determined fhe St Fures: Plot of d (log [EGd)/d (iog [Na']) against the number
of lonic conditions of the medium on the efficacy of ot methylene groups on the central methylene core of spermine.

polyamines to condengeDNA by adjusting the monovalent  Error bars indicate standard deviation from 3 separate experiments.
salt concentration of the buffer uginl M NaCl stock

solution. The effect of salt concentration on the effectiveness logues also indicate that their effectiveness as condensing
of different polyamines to condenseDNA is given in agents is reduced by the fraction that enters into interhelical
Figure 4. As the concentration of Naincreased, the interactions 80).

concentration of polyamines required for DNA condensation ~ Measurement of Hydrodynamic Radii of DNA Conden-
also increased, and straight lines were obtained on plottingsates We next determined the diffusion coefficients/
log [ECsq] values against log [Ng. The slopes of these lines  hydrodynamic radii of DNA condensates formed in the
were between 0.9 and 1.6. This slope value, d logsjE€ presence of spermine and its homologues. Dynamic light
log[Na'], is a quantitative measure of the concentration scattering measurements indicated the presence of highly
dependence between multivalent and monovalent cations incompacted DNA structures in the presence of spermine, with
condensing DNA. Interestingly, there was a periodic oscil- a diffusion coefficient of 5x 1078 cn/s, corresponding to
lation of these slope values between odd and even numbera Stokes radius of 4%+ 5 nm. The data on diffusion

of methylene groups in the central region of the tetramine coefficients and hydrodynamic radii are presented in Table
(Figure 5). However, 3-10-3 and 3-11-3 did not follow the 1. The histogram analysis showed a narrow range of
same trend as that of the other homologues. This might behydrodynamic radii for DNA condensates formed in the
due to the ability of these molecules to enter intermolecular presence of spermine and its homologues (Figure 6). The
interactions, leading to cross-linking of several DNA mol- R, values of spermine (3-4-3) and its nearest homologues
ecules. The increased Efvalues of these higher homo- (3-3-3, 3-5-3, and 3-6-3) were between 40 and 50 nm;

NH2(CH2)3NH(CH2),NH(CH2)3NH2
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Table 1: Hydrodynamic Properties of DNA Condensates Formed in Table 2: Relative Binding Constants Measured by the Ethidium

the Presence of Spermine and Its Homologues Competition Method

polyamine diffusion hydrodynamic polyamine homologue relative binding constant

homologue coefficient (cni/s) radiug (nm) 323 0.4
3-3-3 4.5x 1078 50 3-3-3 0.6
3-4-3 (spermine) 5.5 108 41 3-4-3 (spermine) 1.0
3-5-3 4.7x 10°8 50 3-5-3 1.3
3-6-3 4.8x 10°8 48 3-6-3 11
3-7-3 4.0x 10°8 59 3-7-3 1.0
3-8-3 3.6x 108 63 3-8-3 0.7
3-9-3 3.4x 1078 67 3-9-3 0.5
3-10-3 3.3x 10°8 69 3-10-3 0.5
3-11-3 2.4x 1078 101 3-11-3 0.4
3-12-3 1.7x 1078 132

2 The binding constants were calculated as the reciprocal of the 50%

aThe reproducibility with these measurements was within 5% in concentration of polyamine homologues required to displace 50%
repeated measurements. ethidium bromide bound td-DNA. The reproducibility with these
results was within 3% in repeated measurements. The results are
normalized with respect to spermine.

in the number of methylene groups in the central region of
the tetramines. These results indicate that charge and
hydrophobicity of the ligands might play a significant role
in the binding affinity of the polyamines to DNA.

DISCUSSION

In this report, we present the results of a detailed study of
the structural specificity effects of a series of spermine
homologues on the condensation/eDNA. Although the

| main driving force behind DNA condensation is electrostatic
m"l“"“i in origin, our data demonstratg t'he import'ant fole played by
Ilm'l“u” p_olyamlne structure in d_eterml_r_ung the midpoint concentra-
q-H L tions and hydrodynamic radii of the condensates. The
ol m““mm efficacy of spermine homologues in condensing DNA was
100 1000 10000 0.01 0.1 1 10 100 1000 10000 in the following order: 3-6-3< 3-5-3~ 3-4-3 < 3-7-3~
3-8-3 < 3-9-3 < 3-10-3~ 3-3-3« 3-2-3~ 3-11-3<
3-12-3. Except for 3-2-3, which is not fully protonated at

Ficure 6: Histogram plots of the intensity of DNA condensates ;
of different hydrodynamic radii against the hydrodynamic radius. p;‘. 7'4. @l tt:e IOtvk\]/er E.Or;:OIOgues O.f Sperrglne are gﬁf
All hydrodynamic measurements were done with dynamic light elcacious than the higher ones In condensing :

scattering equipment in 10 mM sodium cacodylate buffer. Histo- SChe”maﬁ a_nd ParthasaratFBAX used spermidine homo-
grams were generated using the Dynamic version 6 software, aslogues differing in the number of methylene groups on one

described in the text. arm of the molecule to examine if interhelical separation

] ] conforms to physical models based on ligand structure and
however, theR, values increased with the length of the found that the Bragg spacings were a monotonically increas-
methylene bridging region to 6670 nm for 3-7-3, 3-8-3,  ing function of the polyamine chain length. The spacings
3-9-3, and 3-10-3, and t8 100 nm for 3-11-3 and 3-12-3.  yere intact, in accordance with a model in which amine
The hi_stogram for 3-12-3 a_llso .showed the presence of a smallyroups make contact with phosphate groups on different
quantity of a larger species in the condensates, and smallpNA helices with bridging aliphatic chains fully extended.
particles for 3-6-3 and 3-9-3. However, we did not observe although electrostatic interactions between the positive
any change in the size of the condensates when thecharges on the polyamines and the negative charges of DNA
concentration of DNA was increased from 0.25 to g3 should be independent of ligand structure for isovalent
mL. cations, the remarkable structural effects observed with

Relative Binding Affinity of Spermine Homologues for spermidine homologues by Schellman and Parthasaradhy (

DNA We also determined the relative binding affinities of and that reported herein with spermine homologues suggest
spermine and its homologues with DNA using the fluores- that the ligand geometry might also play an important role
cence quenching assay, based upon the displacement oin polyamine-mediated DNA compaction. The size of the
fluorescent ethidium bromide from DNA upon addition of DNA condensates (Table 1) increases with the length of the
polyamines 89, 40. Polyamines compete with ethidium for central methylene spacer between the secondary amino
binding to DNA, and the concentration of polyamines groups withn > 6. This may be due to the less compact
required to quench the fluorescence of the ethidium bromide nature of the individual DNA molecules in the presence of
DNA complex by 50% is inversely proportional to the the higher homologues than the fully condensed form. This
binding constant. Thus, the relative binding constants were observation can also be related to the studies of Allison et
calculated, with spermine given the value of unity (Table al. (32), who noted that aggregation becomes more pro-
2). The relative binding affinity of the homologues increased nounced when spermidine is replaced by homologues having
from 3-2-3 to 3-5-3, and thereafter decreased with increaselonger methylene bridges between the charges.

5 T T T

i

Percent intensity

10

Hydrodynamic radius, nm
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The polyamine homologue concentrations required for this value forr, the slope of a plot of Irr, against Inc; can
DNA condensation increased with increase in"ancen- be calculated to be 1.5 from eq 4. Our experimentally
tration in the buffer. Theories based on electrostatic interac- determined values of the slope are very close to this value
tion of polyamines with DNA postulate ion competition, and for homologues with an even number of methylene groups
hence the driving force for multivalent polyamine binding between the secondary amino groups of spermine. However,
to DNA derives from a net gain in entropy by the release of with homologues with an odd number of methylene groups

DNA-bound N& into solution: in the bridging region, the slope values are close to 1,
suggesting that the value ofcan be higher than 0.91. For
polyaminé™ + DNA-nNa" — example, a slope value of 1 indicate§4% charge neutral-

DNA-(n—4)Na"-polyaminé™ + 4Na" ization of DNA by counterions. A possible reason for the
differential effects of odd- and even-numbered methylene
When the bulk Na concentration is increased in the medium, bridging regions on the slope values of Figure 5 might be
the net gain in entropy on releasing the bound Nathe the involvement of steric factors in the interaction of
solution decreases, and an increased concentration ofpolyamines with DNA.
polyamines is required to compete with Nand collapse DNA condensation is an example of the polymgtobule
DNA. Above 1500 mM N&, DNA condensation does not  transition, and under appropriate conditions of polymer length
occur even when the concentration of spermine is increasedand stiffness, it is a readily reversible process which is
6 orders of magnitude above that required for DNA favored by the association of sufficiently condensing muilti-

condensation in 1 mM Na(42). _ valent cations with DNA 44—48). They cause localized
~ The dependence of the EfValue of polyamines on [Ng bending or distortion of DNA at a critical extent of charge
is represented by a plot of log [E{ against log [Nd], neutralization which facilitates the formation of rods and

yielding a straight line with slope values ranging from 0.9  toroid-like structures. In addition to decreasing the net charge
to 1.6, dependlng on t_he ch_emlcal structure of the spermineon DNA, they also aid in decreasing the unfavorable DNA
homologue. This relationship follows from the equations of segmentsegment interactions. Thermodynamic analysis of

the counterion condensation theo8; @0, 2J: polymer condensation was given by Post and Zin#8) (
based on the FloryHuggins lattice theory of polymer
1+In (100091/01%1) - solutions by including a third viral coefficient to take into
—22E(1— 2760, —20,) In (1 — e“‘b) (5) account the high local concentration of polymer segments
in the condensed state. Recently, two models, the spool
In (0,/c,) = In (v,,/1000€)+ (z,/z;) In (1000, elc,v,,) model 60) and the constant loop modebk), have been

(6) proposed as to how the DNA is wound within the toroid.
The ligands are believed to affect the rotational dynamics
where ¢, and ¢, are the concentrations of counterions of and in turn the hydrodynamic radius by fluctuating the
chargesy andz contributing to fractional charge neutraliza- interionic forces analogous to electrolyte friction, by altering
tion of #; and 6, and occupying volumesy: and vy, the hydration layer or structure of DNAZ, 53. Electrolytic
respectively, when they are bound to DNA ards the friction is dependent only on the valence of the counterions
Debye screening parametér.= qy?/ekTh whereq, is the whereas alteration of the hydration layer or DNA structure
charge of the protor, is the bulk dielectric constant, ard is expected to be quite sensitive to cation typé)(
is the average linear charge spacing of the polyelectrolyte Studies by Bticher et al. $0) for spermidine- and uranyl
in the absence of any associated ions. In other words, theacetate-induced DNA condensation indicated the formation
parametek is given by the ratio between the Bjerrum length of a series of complex multimolecular condensates with
and the average axial charge spacing, that is, the contourparallel bundles of DNA. Studies by atomic force microscopy
length divided by the number of charge groups. For double- (44) revealed the presence of multiple well-defined structural
helical B-DNA, § = 4.2, while for the single-stranded DNA,  intermediates such as flowers and disks which leads to well-
&= 1.8. These values were calculated by Manni2@ and defined end points, including toroids or rod-shaped DNA.
Record et al.21), while Olson and Manning4@) provided The nature of the structural intermediates depends on the
a configurational interpretation of this resultis given by concentration and nature of the condensing agent. In the
the equation: present study, we notice that the spermine homologues exert
a differential effect on the condensation process, depending
K = 322", (nm™) (7) upon their geometrical structure. However, it is not clear at
present whether all these homologues follow the same
Using this value of in eq 1 and introducing the first term  condensation pathways with identical structural intermediates.
of eq 1 into eq 2, the following equation can be derived after The changes in the hydrodynamic radii and a slightly broader
rearrangement: histogram for the condensates formed in the presence of
higher homologues may be due to the formation of structural
In ¢, = [In 6, — In (v;,7/1000€)+ in?ermediates %r highe)r/ order structures.

22,E(1 — 1) In (3.2%7"3] + zE(Q — r) In¢c, (8) Our results on the relative binding affinity of spermine
homologues to DNA (Table 2) shed some light on the
In eq 8,r = 710, + z0,, and the approximation afb ~ 1 binding of polyamines with DNA. Several models have been

— e*P has been introduced in eq 1. The maximum extent of proposed for spermireDNA interactions, and all these were
charge neutralization of DNA by a combination of Nand based on direct electrostatic interactions between positive
spermine has been calculated tob81% (). Substituting charges on the polyamines and negative charges of DNA.
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Polyamine binding to DNA seems to depend on the distance performing the dynamic laser light scattering measurements
between the positive charges on the polyamine relative tofor the diffusion coefficients and hydrodynamic radii of
the distance between the negative charges on DNA phos-condensed DNA particles.
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