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Contribution of Hydrophobicity to Thermodynamics of Ligand-DNA
Binding and DNA Collapse
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ABSTRACT The importance of understanding the dynamics of DNA condensation is inherent in the biological significance of
DNA packaging in cell nuclei, as well as for gene therapy applications. Specifically, the role of ligand hydrophobicity in DNA
condensation has received little attention. Considering that only multivalent cations can induce true DNA condensation,
previous studies exploring monovalent lipids have been unable to address this question. In this study we have elucidated the
contribution of the hydrophobic effect to multivalent cation- and cationic lipid-DNA binding and DNA collapse by studying the
thermodynamics of cobalt hexammine-, spermine-, and lipospermine-plasmid DNA binding at different temperatures. Compa-
rable molar heat capacity changes (AC,) associated with cobalt hexammine- and spermine-DNA binding (—23.39 cal/mol K
and —17.98 cal/mol K, respectively) suggest that upon binding to DNA, there are insignificant changes in the hydration
state of the methylene groups in spermine. In contrast, the acyl chain contribution to the AC, of lipospermine-DNA binding
(AC 4 = AC; ipospermine — ACp spermine) 18 significant (—220.94 cal/mol K). Although lipopermine induces DNA ordering into
“tubular” suprastructures, such structures do not assume toroidal dimensions as observed for spermine-DNA complexes. We
postulate that a steric barrier posed by the acyl chains in lipospermine precludes packaging of DNA into dimensions com-

parable to those found in nature.

INTRODUCTION

The various forces driving cation-DNA binding, and sub-
sequent dramatic reduction in the hydrodynamic volume of
DNA, to the order of 106-f01d, have been postulated to include
favorable hydration (Rau and Parsegian, 1992, attractive
electrostatic interactions between fluctuating counterions
(Marquet and Houssier, 1991 Ray and Manning, 1997), and
acyl chainhydrophobicity (Matulis et al., 2002). It is
biologically relevant to study the contribution of these forces
to DNA condensation since it is in the condensed form that
DNA is packaged in sperm cells (Hud et al., 1993), in bacte-
riophages by smaller polyamines (Earnshaw and Harrison,
1977, and in the fundamental unit of chromatin, the nucle-
osome, by histones (Anselmi et al., 1999; Luger et al., 1997,
Richmond et al., 1984). Thus, DNA condensation and decon-
densation are important in regulation of genetic information in
organisms ranging from viruses to higher eukaryotes (van
Holde, 1989. Additionally, interest in mechanistic and
structural aspects of complex formation of DNA with lipids
(Gustafsson et al., 1995; Simberg et al., 2001), peptides
(Keller et al., 2002), and polyamines (Bottcher et al., 1998;
Fang and Hoh, 1998 has vastly increased in recent years due to
developments in nonviral gene therapies. In this regard, it has
been shown that the transfection efficiency of such complexes
is correlated to their hydrophobicity (Niidome et al., 1997)
and the mode of DNA packing in the condensed phase (Radler
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et al., 1997; Simberg et al., 2001). Despite various proposed
mechanisms for DNA condensation, systematic studies
estimating the contribution of the hydrophobic effect to
nonspecific ligand-DNA binding and condensation have
received little attention.

Thermodynamics of lipid-DNA binding has been studied
extensively by titration calorimetry (Barreleiro et al., 2000;
Lobo et al., 2001; Matulis et al., 2002; Pozharski and Mac-
Donald, 2002; Spink and Chaires, 1997). Analysis of iso-
therms ofcobalt hexammine and spermidine binding to DNA
has demonstrated the use of this technique to discern the DNA
collapsing character of these ligands (Matulis et al., 2000).
Other studies have described the thermodynamics of poly-
amine induced DNA condensation using light scattering
(Porschke, 1984), affinity capillary electrophoresis (Ouameur
and Tajmir-Riahi, 2004, and under dry conditions by fluo-
rescence microscopy (Mel'nikov et al., 1995; Yoshikawa
etal., 1996). It is known that binding of cations to phosphates
on the polynucleotide backbone of DNA is driven by the
release of water, i.e., entropically driven and opposed by the
binding enthalpy (Lobo et al., 2001; Matulis et al., 2000;
Record et al., 1991). In addition to electrostatic binding, the
presence of long hydrocarbon chains on alkylammonium
cations enable binding cooperativity via the hydrophobic
effect, owing to the tendency of adjacent chains to minimize
area of exposure to water, upon binding to DNA (Matulis
et al., 2002; Spink and Chaires, 1997. A role for this phe-
nomenon in nonspecific ligand-DNA binding, as well as in
DNA condensation, has been indirectly suggested in several
reports, e.g., tetramethylammonium ions bind to DNA with
a higher affinity than to polyphosphate (Strauss et al., 1967);
hydrophobicity of complexes resulting from spermine-uranyl
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binding to DNA has been suggested to be important for
packaging DNA into multimeric toroids (Bottcher et al., 1998);
varying the methylene bridge size in polyamines, such as
spermine, causes differential condensation of DNA (Vijaya-
nathan et al., 2001); each methylene group in monovalent
lipid alkyl chains increases the lipid-DNA binding constant
~4-fold (Matulis et al., 2002). To the best of our knowledge,
only monovalent lipids have been used in lipid-DNA thermo-
dynamic studies reported in the literature. Since mono- and
divalent ions are unable to condense DNA (Bloomfield, 1991),
it is not surprising that monovalent lipids do not truly con-
dense DNA. In contrast, the study of multivalent cationic
lipid-DNA interactions allows the measurement of the contri-
bution of hydrophobicity to lipid-DNA binding and poten-
tially to DNA collapse/condensation, due to the true condensing
character of a multivalent cation (Bloomfield, 1991). The
corresponding complex sizes and structures, monitored by
light scattering and electron microscopy, respectively, have
allowed us to extend the understanding of structural differ-
ences in multivalent cation and cationic lipid induced DNA
collapse. This issue is especially relevant considering the pre-
dominant use of cationic lipids in gene delivery.

In this study, a comparison of the changes in heat
capacities of binding of the multivalent ligands, spermine,
and lipospermine to DNA has enabled us to test the hy-
pothesis that the hydrophobic effect is partly responsible for
DNA collapse. This comparison is made feasible due to the
presence of a spermine headgroup (a condensing moiety) in
lipospermine and enables estimation of the direct contribu-
tion of the diacyl chain to lipospermine-DNA binding. Ad-
ditionally, by comparing the heat capacities of binding of
cobalt hexammine and spermine to DNA, the possibility that
burial of the spermine methylene groups in DNA bases, and
also among other methylene groups upon forming bridges
between DNA helices (Schellman and Parthasarathy, 1984,
favors DNA binding and collapse has been tested in this
study. To correlate binding thermodynamics with supra-
structural changes, the calorimetric data have been compared
with hydrodynamic sizes and microscopic structures of
complexes formed at different ligand concentrations. This
study has been used to resolve whether the inclusion of hy-
drophobic acyl chains on a spermine molecule (liposper-
mine) could facilitate DNA collapse and to characterize the
collapsed state induced by multivalent cationic lipids.

MATERIALS AND METHODS

Plasmid DNA encoding vascular endothelial growth factor was a kind gift
from Valentis (Burlingame, CA). DNA was precipitated with ethanol and
2 M NaCl before use. HEPES, cobalt hexammine (IIT) chloride, and spermine
tetrachloride were purchased from Sigma Chemical (St. Louis, MO) in
powder form and used without further purification. Lipospermine (DOGS;
Fig. 1 B) was obtained in the lyophilized form as a trifluoroacetate salt from
Promega (Madison, WI). Lipospermine (1 mg) was dissolved in 800 ul
absolute ethanol, of which 200 ul was taken to dryness under a stream of
nitrogen and suspended by sonication in 800 ul of 5 mM HEPES, pH 6, to
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FIGURE 1 Chemical structures of (A) spermine, and (B) lipospermine

(dioctadecylamidoglycyl spermine).

achieve a final concentration of 0.5 mM. Uranyl acetate used in electron
microscopy (EM) staining was purchased from Mallinckrodt Chemical
Works (St. Louis, MO).

Isothermal titration calorimetry
Sample preparation

HEPES buffer (5 mM, pH 6) was prepared and filtered through a 0.22 um
pore size filter. After ethanol precipitation, the DNA pellet was resuspended
in the buffer solution and extensively dialyzed against the same buffer for
24 h, with two buffer changes of 1 L each. The final dialysate was used to
prepare the cobalt hexammine, spermine, and lipospermine samples. This
greatly reduces any differences in the pH of the ligand and DNA solutions,
thus negating any contributions from artifacts arising from buffer-buffer
interactions. Concentration of DNA stock solution (9.68 mM phosphate)
was measured with the use of a Hitachi (San Jose, CA) V-VIS
spectrophotometer by monitoring absorbance at 260 nm, where 1 AU =
50 pg/ml = 0.15 mM phosphate. The concentrations of all ligand solutions
were determined by gravimetry. The sample concentrations used were 2 mM
cobalt hexammine titrated into 0.5 mM DNA PO, for Co(NH;), *.DNA
titrations, 1 mM spermine titrated into 0.5 mM DNA PO;2 for spermine-
DNA titrations, and 0.5 mM lipospermine titrated into 0.1 mM DNA PO;2
for lipospermine-DNA titrations. All samples were degassed before use by
application of vacuum with simultaneous stirring on a magnetic stir plate.

Instrumentation

An Omega isothermal titration calorimetry (ITC) (Microcal; Northampton,
MA) was employed for the calorimetric measurements. Before titrations,
baseline stability was ascertained by ensuring that the root mean-square
(RMS) noise and baseline drift were <0.005 wcal/s and 0.025 ucal/s per 30
min, respectively. For all titrations, the DNA solution was held in the sample
cell and the reference cell was filled with deionized, filtered, and degassed
water. In all experiments, 18 injections of 15 ul each of the condensing agent,
either cobalt hexammine, spermine, or lipospermine, filled in a 250 ul
syringe, were made into the 1.32 ml thermally insulated cell filled with DNA
solution or buffer. A stir speed of 400 rpm was utilized, and an interval of 240 s
was sufficient between injections for the heat signal to return to the baseline,
indicative of system equilibration. Using the same injection parameters, the
heats of ligand dilution were determined by titration of each ligand into buffer
and were subtracted from the heats obtained from ligand-DNA titrations to
obtain the actual heat of binding.
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Estimation of thermodynamic parameters

Raw titration data were integrated using the software to get the heats of
binding and dilution. The enthalpy of binding/(mole of ligand) (AH) was
calculated by normalizing the difference between the heats of binding and
dilution to the moles of ligand introduced in each injection and averaging
AH values from the initial part of the binding isotherm before the heat of
binding begins to decrease, i.e., pretransition AH values. To minimize any
error arising from one-to-one subtraction of the heats of dilution, multiple
ligand into buffer titrations were performed, and the obtained heats were
averaged and then subtracted from ligand-DNA titration heats. The model-
free AH values thus estimated were used for initialization of the fitting
procedure to obtain the apparent binding constant (K,,) and the binding
stoichiometry (). The binding free energy change and the entropy change
associated with binding were calculated from the equations

AG = —RT In K,, (1)
and
AS = (AH — AG)/T )

respectively.

Model fitting

Origin 2.9 software provided by Microcal was used to achieve best fits of the
binding isotherms to the Wiseman model for a single-site case (Indyk and
Fisher, 1998 according to the equation

da _zylly = Xe—r Vo3

dLy 2 2\/(XR+7'+1)2—4XR

by nonlinear least-squares fitting. (dg/dLt) is the derivative of the heat of
binding at a given stage with respect to Lr, the total ligand concentration
injected until that stage; Xr is the molar ratio of the incremental ligand
concentration to the DNA PO;2 concentration in the cell, i.e., Lt/Mr; r = 1/
(KyMr); and V is the calorimeter cell volume.

Analyses of the spermine- and lipospermine-DNA binding isotherms
proved less straightforward than that of the cobalt hexammine-DNA
isotherm. In the case of spermine, the deviation present in the transition
region of the binding isotherm (see Fig. 4 B), presumably due to DNA
collapse, can potentially give rise to two curves based on two different
assumptions: i), the datum at molar ratio 0.15 (see Fig. 4 A) represents
DNA collapse, causing deviation from the sigmoidal shape of the curve and
is therefore manually excluded from the profile before fitting the data; and
ii), the datum at molar ratio 0.2 and the two subsequent data points
represent DNA collapse. Thus, these points are manually excluded from
the second profile (data not shown). Although fittings of the model to
the resulting curves yield significantly different parameters than what we
report, there is no reason—based on the available data and our
understanding of the mechanism of DNA condensation—to select either
one of these scenarios over the other. The solid curve in Fig. 4 A is an
optimal fit to all the data points in the isotherm; the inverse of the ligand
concentration at the midpoint of this curve yields the apparent binding
constant (Kqpp).

Since the model assumes complete saturation at the end of a titration, the
nonzero heats observed in the posttransition region of the lipospermine-
DNA binding curve (see Fig. 5 B) gave rise to complexities in the fitting
procedure of this curve. This yielded considerably poor fits of the model to
the binding data. In an attempt to circumvent this problem, the average
values of the posttransition heats were subtracted from all data points to
normalize the binding enthalpies to a postsaturation baseline (see Fig. 5 A).
The molar binding enthalpy used for initiating the fitting procedure was
calculated from multiple titrations of subsaturating lipospermine concen-
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trations, where all of the injected lipid binds to the DNA. As we have seen
above, the association constant in this model (K},) depends on the derivative
of the heat of binding with respect to the total accumulated ligand
concentration, i.e., the profile of the binding curve, rather than its absolute
value (Eq. 3). Hence, this modification of the binding curve yields math-
ematically valid estimates of the apparent binding constant.

It must be remembered that this model does not take into account
molecular details such as the considerable changes in DNA tertiary structure
that occur upon spermine induced DNA collapse and positive cooperativity
in lipid-DNA binding (Matulis et al., 2002; Spink and Chaires, 1997. Thus,
even though the thermodynamic parameters determined from curve fitting
are qualitatively sound (see below), their values should be used as a first ap-
proximation.

Heat capacity change measurements

The enthalpies of ligand-DNA binding were determined at temperatures
from 25°C to 45°C, using the injection parameters reported above. Buffer
pH was adjusted at each temperature by addition of HCI or NaOH, and the
buffer was used for preparation of all ligand samples. Concentrations of
DNA solutions were determined by UV absorbance after all pH adjustments.
An Accumet micro pH electrode (Fisher Scientific (Houston, TX) was
utilized for pH adjustments of small volumes of lipospermine solutions (800
wul). Heats of dilution for the ligands were determined at all temperatures
studied and subtracted from the corresponding ligand-DNA titration heats.
Heat capacities associated with ligand-DNA binding were determined from
the temperature differential of the AH of binding according to the equation

AC, = (d(;;l)) 4)

It was observed that lipospermine-DNA complexes were prone to aggregation
once charge neutrality was reached in the sample cell. This resulted in a
baseline shift and dramatically increased the noise for heats of dilution in the
posttransition part, especially at higher temperatures. Moreover since the
AH of binding was found to decrease with increasing temperature, thus
considerably reducing the signal/noise ratio, it was not possible to achieve
valid fits of the lipospermine binding data at elevated temperatures for
determination of parameters other than AH.

Dynamic light scattering

Hydrodynamic sizes of spermine-DNA and lipospermine-DNA complexes
were determined with the aid of a dynamic light scattering (DLS)
instrument—PSS.NICOMP 380 ZLS particle sizer (Santa Barbara, CA).
Scattering intensity was detected at 90° at a wavelength of 632.8 nm, using
a helium-neon laser. All experiments were carried out at 25°C. DNA and
ligand solutions were prepared in 0.22 um Millipore iltered 5 mM HEPES
buffer (pH 6). A total solution volume of 0.5 ml was used for each
measurement, wherein DNA concentrations were equal to those used in the
ITC experiments—165 wg/ml for spermine-DNA and 33 ug/ml for
lipospermine-DNA complexes. To further simulate ITC conditions,
complexes were prepared by titration of ligand into the same DNA sample
instead of preparing individual samples for each charge ratio. Instead of a
4 min interval between successive ligand injections as used in ITC experi-
ments, a 10 min interval was employed to allow complexes to equilibrate in
the absence of stirring. The basis for the choice of this time period was
stabilization of the intensity-, volume-, and number-weighted particle sizes.
Data are reported as means of three such separate titrations. At pH 6, charge
values of +4 and +3 for spermine and lipospermine, respectively, were used
to calculate the overall charge ratio (see Results). The sizes are reported as
mean number-weighted diameters and could be described well, and with
a high reproducibility, as a Gaussian (unimodal) distribution.

Biophysical Journal 88(3) 2089-2103



2092

Electron microscopy

Distilled water passed through 0.22 wm Millipore filters was used for
preparation of all samples. Buffer was not used for EM sample preparations
to reduce background contribution from trace levels of salts. Spermine-DNA
or lipospermine-DNA samples were prepared by simple mixing of appropri-
ate volumes of condensing agent and DNA solutions to achieve the desired
charge ratio and a final volume of 500 ul with a DNA concentration of
1 pg/ml, ie., 3.03 uM in phosphates. Samples with calculated charge
ratios (+/—) ranging from 0.25 to 2 were prepared. After mixing, samples
were incubated for 2 h before they were loaded onto EM grids. DNA con-
densates have been shown to achieve stability within this period (Arscott
et al., 1995; He et al., 2000).

Carbon-coated copper grids, pretreated with glow discharge, were floated
face down for 3 min on a drop of sample pipetted onto a glass slide. This was
repeated to ensure a sufficient sample load. Excess sample was dried off by
gently touching the edge with a piece of filter paper, followed by staining
with a drop of 1% uranyl acetate for 5 min. Uranyl acetate solutions were
freshly prepared with filtered water before each experiment. Samples were
examined and photographed at magnifications of 52,000X and 73,000, as
deemed suitable, in a Philips CM10 electron microscope operated at 80 kV.
The final pictures were obtained by a further magnification of 2X.

All AH and heat capacity change (AC,,) measurements in this study have
been made at a stage of ligand-DNA binding where there is minimum
contribution from DNA aggregation; this was confirmed from AHs of
binding estimated from 4-5 injections of each ligand into different DNA
concentrations (data not shown) and also by DLS. Since no conclusions have
been drawn from quantitative comparisons between ITC and EM data, arti-
facts arising from differences in DNA concentrations used in these experi-
ments are minimized.

In describing the structural changes in DNA associated with binding
thermodynamics and those observed with electron microscopy, we use the
terms defined by Post and Zimm (1982. The term ‘‘condensation’’ is used to
refer to monomolecular compaction as well as to multimolecular
agglomeration causing DNA to assume toroidal dimensions. The term
“‘collapse’” has been used to denote a precondensation stage and refers to the
large reduction in DNA volume, which arises due to neutralization of
a critical fraction of DNA phosphates as described by Manning (1978). Post
and Zimm (1982 have used the latter term to refer to a reduction in
monomolecular DNA volume for which very low DNA concentrations are
a prerequisite. Since DNA concentrations used in ITC experiments are much
higher, we use the term to include a multimolecular phenomenon.

RESULTS
Isothermal titration calorimetry

Charge states of spermine and lipospermine at pH 6

Each spermine molecule possesses two primary and two
secondary amines (Fig. 1 A) with pK,s ~10.9, 10.1, 8.9, and
8.1 (Geall et al., 2000; Hirschman et al., 1967). Using the
Henderson-Hasselbalch equation, pH = pK, + log [(base)/
(acid)], the net charge carried by a spermine molecule at pH 6
is ~4, i.e., spermine is completely protonated under the
experimental conditions. Thus, the observed AH at pH 6 has
insignificant contributions from heats of spermine proton-
ation or buffer ionization. In lipospermine (Fig. 1 B), the
pK.s of the two terminal primary amines and the secondary
amine distant from the acyl chains are similar to those in
spermine—10.5, 9.5, and 8.4. However, the presence of
a carbonyl group on the side chain stabilizes the uncharged
form of the closest secondary amine, reducing its pK, to 5.5
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(Behr, 1994; Remy et al., 1994). Thus, each lipospermine
molecule carries only ~3.25 charges at pH 6. A possible
contribution of this difference between the charged states of
spermine and lipospermine to the energetics of binding to
DNA is included in the discussion section.

Enthalpy of binding is a function of charge on spermine

The enthalpy of binding, calculated as described in the
methods section, can potentially have contributions from
heats of ionization of the buffer and/or ligand, depending on
the pK, of the titratable groups present and the experimental
pH (Lobo et al., 2001, 2003). Since the amine groups on
spermine are titratable (Geall et al., 2000; Hirschman et al.,
1967), the enthalpies of spermine-DNA binding were
measured at different pH values to determine the pH where
contributions from the heat of ionization of ligand could be
eliminated (Fig. 2). The increase in AH represents an increase
in molecular charge as the environmental pH gets more acidic
and a plateau in the AH can be seen at pH 6 and below,
indicative of maximum charge on spermine at these pH values
(Fig. 2). This observation explains the reported absence of
a heat of interaction between DNA and spermine at pH 7.0
(Ross and Shapiro, 1974. A pH value of 6 was chosen for all
thermodynamic measurements involving spermine and lipo-
spermine.

Cobalt hexammine-DNA binding

Fig. 3 A shows a representative binding isotherm, which is fit
to a single-site binding model to obtain the apparent binding
constant, the free energy change (Eq. 1) and entropy change
(Eq. 2) associated with binding. The biphasic nature of the
cobalt hexammine-DNA binding profile is apparent from
a second endothermic peak which appears above charge
neutrality at all temperatures (Fig. 3 B). As the cobalt
hexammine begins to saturate the DNA, the binding enthalpy
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H (cal/mol)

1000 —

500 —

04

5.0 55 6.0 6.5 7.0 75
pH

FIGURE 2 Plot of spermine-DNA binding enthalpies obtained from ITC
as a function of buffer pH. Spermine is fully charged at pH 6, as indicated by
the maximum AH of binding. n = 3; error bars represent standard deviations
from average values.
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FIGURE 3 (A) Best nonlinear least-squares fit of the single-site binding
model (solid curve) to the cobalt hexammine-DNA binding isotherm (data
points) at 25°C; x* = 1.5 X 10*. Note: abscissa represents [cobalt
hexammine]/[DNA] molar ratio. (B) ITC isotherms for cobalt hexammine
binding to DNA at different temperatures. Binding proceeds in two stages:
i), the pretransition stage yields the AH of binding, and ii), the second stage
involves an additional enthalpic peak due to DNA collapse. n = 3; average
standard errors are 16.3% for 25°C, 24.7% for 30°C, 25.4% for 37°C, and
22.6% for 45°C. Note: abscissa represents cobalt hexammine/DNA (+/—)
charge ratio.

decreases and reaches a zero value at a charge ratio of ~1.2.
This represents the first phase of binding. The unfavorable
enthalpy change (AH) measured at 25°C in the first phase of
binding, +1.613 = 0.16 kcal/mol (Table 1), is comparable to
that reported by Matulis et al. (2000), +1.24 = 0.1 kcal/mol.
Also, the estimated free energy change of binding (AG),
—7.06 = 0.27 kcal/mol, the binding constant (K), 1.6 X 10°
+ 6.2 X 10 M, and the favorable entropy change (AS),
29.7 = 0.36 eu, are in significant agreement with those
reported by Matulis et al. (2000), 7.31 = 0.25 kcal/mol,
23X 10° + 8 X 10*M ™', and 28.7 = 1.2 eu, respectively.
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The second phase of binding is characterized by an
additional posttransition, endothermic heat at a charge ratio
of ~1.5, which has been suggested to represent DNA
collapse (Matulis et al., 2000). This peak appears at the same
charge ratio (~1.5) at 25°C, 30°C, and 37°C; however, this
charge ratio is shifted to a higher value (~1.7) at 45°C, and
the associated endothermic peak appears larger in magni-
tude. Since a continuous trend in the charge ratio shift is
absent, we did not attribute any physical meaning to the
deviation in the second endothermic peak observed at 45°C.

It must be noted that the binding parameters from the
Matulis et al. (2000) study were determined in the presence
of 10 mM NaCl, whereas no salt was used in our study. By
DNA charge screening, and hence competitive binding, the
critical concentration of cobalt hexammine required to
induce DNA collapse should be increased in the presence
of NaCl (Manning, 1978; Matulis et al., 2000). Thus, a shift
of the second endothermic peak to lower charge ratios would
be expected in our study. On the contrary, whereas the sec-
ond phase of binding in their study was observed at a (+/—)
charge ratio of ~1, we did not detect it until a (+/—) charge
ratio of 1.5. We have not further investigated the reason for
this discrepancy.

Spermine-DNA binding

Similar to cobalt hexammine, spermine binding to DNA can
be viewed as a two stage process (Fig. 4): i), Complete
binding of the ligand to isolated sites on the polynucleotide
lattice in the pretransition part of the isotherm, which yields
an unfavorable AH of binding (+2.393 = 0.009 kcal/mol;
Table 1). It must be noted that at this stage the spermine
concentration is not high enough to induce substantial
suprastructural rearrangements in DNA (see Fig. 8, B and C),
hence the AH is unlikely to have any significant contribu-
tions from changes in tertiary conformation of DNA. And ii),
A second endothermic peak is observed at a charge ratio of
~0.5. A similar biphasic profile is observed upon binding of
spermidine to DNA although, as would be expected for a
smaller polyamine, the second enthalpic peak is observed at
a higher (+/—) charge ratio (Matulis et al., 2000).

As expected for electrostatic interactions, a compensating,
favorable entropy change (AS) is observed (+33.38 = 0.37
cal/mol K), which drives the Gibbs free energy change
(AG; —7.55 %= 0.12 kcal/mol) for complex formation, with
an estimated binding stoichiometry (V) of 0.214 * 0.02 de-
fined as moles of ligand/polynucleotide phosphate, or 4.67
phosphates/(mol of spermine). This value is in significant
agreement with a previously reported site size of 4.46
phosphates/(mol of spermine) for the binding of spermine to
plasmid DNA (Watanabe et al., 1991). The calculated
apparent binding constant of 3.5 X 10> = 7 X 10* M~
(Table 1) agrees well with that reported by Ouameur and
Tajmir-Riahi (2004 2.3 X 10° M '). However, there is
a discrepancy when these values are compared to those in
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TABLE1 Thermodynamic parameters for cobalt hexammine, spermine, and lipospermine binding to DNA at 25°C; K., AG, AS, and
N have been estimated by fitting a single-site model to the binding curve

Ligand AH (kcal/mol) AS (cal/mol K) AG (kcal/mol) Kapp ™M AC,, (cal/mol K) N
CO(NH3);3 1.613 = 0.16 29.7 = 0.36 —7.06 + 0.27 1.6 X 10° + 6.2 X 10* —23.39 0.18 = 0.02
Spermine 2.393 = 0.009 32.81 = 1.01 —7.55 = 0.12 3.5 X 10° =7 x 10* —17.98 0.214 = 0.02
Lipospermine 72 = 0.55 54.23 = 1.76 —8.96 + 0.52 45 X 10% + 3.5 X 10° —238.92 04 +0

N = number of moles of ligand/mole of nucleotide.
n=3.

other reports: 7.14 X 10°M ™! (Hirschman et al., 1967) and
9.09 X 10> M~" (Shapiro et al., 1969) to 5.9 X 10°* M~!
(Porschke, 1984).
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FIGURE 4 (A) Best nonlinear least-squares fit of the single-site binding
model (solid curve) to the spermine-DNA binding isotherm (data points), at
25°C; )(2 = 8.7 X 10*. Note: abscissa represents [spermine]/[DNA] molar
ratio. (B) ITC isotherms for spermine-DNA binding isotherms at different
temperatures. Binding progresses in two stages: i), a pretransition binding
phase, and ii), a second endothermic peak suggesting DNA collapse. n = 3;
average standard errors are 5.5% for 25°C, 5.6% for 30°C, 5.4% for 37°C, and
19% for 45°C. Note: abscissa represents spermine/DNA (+/—) charge ratio.
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There is a relatively small change in the AH of spermine-
DNA binding with increasing temperatures (see Fig. 6).
This is also true for the spermine concentration required to
induce DNA collapse, i.e., the charge ratio at which the
second endothermic peak is observed remains constant
throughout the studied temperature range. Closer inspection
reveals a progressive increase in the magnitude of the AH
value at charge ratio 0.5, with increasing temperatures (Fig.
4 B). However, a corresponding trend is not seen in the
second endothermic AH peak value, at charge ratio 0.6 (Fig.
4 B).

Lipospermine-DNA binding

Despite the presence of multiple charges on lipospermine,
the second endothermic peak was not observed in the
lipospermine-DNA binding profile (Fig. 5), suggesting the
absence of true DNA collapse. This postulation is supported
by the similarity of the binding profile, in this aspect, to those
reported for binding of DNA to monovalent, noncondensing
lipids (Lobo et al., 2001; Matulis et al., 2000; Pozharski and
MacDonald, 2002 Spink and Chaires, 1997) and by the
absence ofcondensed toruses in the lipospermine-DNA
electron micrographs (see Fig. 9). The enthalpy for lipo-
spermine-DNA binding (7.2 * 0.5 kcal/mol) is 3 times
larger at 25°C than that measured for spermine-DNA binding
(2.393 = 0.009 kcal/mol; Table 1). This increase in unfa-
vorable enthalpy is compensated by a larger entropy change
for lipospermine-DNA binding (54.23 £ 1.76 cal/mol K;
Table 1) that contributes to a larger binding affinity (4.5 X
10° = 35 X 10° M™') as compared to spermine
(3.5 X 10° = 7 X 10* M. This larger binding constant
is likely due to the positive cooperativity of lipid-DNA
binding (Spink and Chaires, 1997, which is suggested by the
slightly positive slope of the pretransition part of the
lipospermine-DNA binding isotherms at all temperatures
(Fig. 5).

The exothermic posttransition, i.e., after phosphate
saturation, heats in lipospermine-DNA binding experiments
were smaller in magnitude than the heat of dilution of
lipospermine giving rise to an endothermic, nonzero
posttransition AH of binding after subtraction of the heat
of dilution (Fig. 5). That this heat ( +2 kcal/mol) could not
be the heat of micelle formation due to buildup of free
lipospermine in solution after DNA saturation is suggested
by the observation that the critical micellar concentration of
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points), at 25°C; x> = 2.99 X 10°. Note: abscissa represents [lipospermine]/
[DNA] molar ratio. (B) ITC isotherms for lipospermine-DNA binding at
different temperatures. The absence of a second endothermic peak suggests
that lipospermine does not truly condense DNA. All isotherms yield a
nonzero posttransition enthalpy even after subtraction of the dilution heats,
suggesting additional interactions between lipospermine and previously
formed complexes. The initial increase in the AH of binding before DNA
saturation at all temperatures is suggestive of positive cooperativity in
lipospermine-DNA binding. n = 3; average standard errors are: 8.2% for
25°C, 6% for 30°C, 6% for 37°C, and 9.8% for 45°C. Note: abscissa
represents lipospermine/DNA (+/—) charge ratio.

lipospermine is >300 uM (as determined by surface tension
measurements; data not shown), which is considerably
greater than the highest concentration achieved in the ITC
cell at the end of any titration (~100 uM). Thus, we
speculate that even after phosphate saturation, there is some
hydrophobic interaction between injected lipospermine
molecules and the lipospermine-DNA complexes, which
gives rise to this AH difference.
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FIGURE 6 Plots of molar enthalpies of binding of cobalt hexammine
(triangles), spermine (circles), and lipospermine (squares) to DNA as a
function of temperature. The slope of each plot yields the respective AC,, of
binding. n = 3; error bars represent standard deviations from average values.

Hydrodynamic particle size

To simulate the conditions used in ITC experiments, light
scattering titration studies were carried out with the same
DNA and ligand concentrations. However, due to non-
availability of a stirring apparatus in the light scattering
instrument, complex aggregation was observed at high
charge ratios (=1), both for spermine- and lipospermine-
DNA complexes. As a result, particle sizes for these charge
ratios could not be obtained. No such aggregation is ob-
served at the end of ITC titrations.

There is a marked differentiation between the hydrody-
namic diameters of spermine-DNA and lipospermine-DNA
complexes (Fig. 7). At charge ratios below 0.6, spermine-
DNA complexes were comparatively small (=50 nm), with
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FIGURE 7 Hydrodynamic particle sizes of spermine-DNA (circles) and
lipospermine-DNA (triangles) complexes at different complex charge ratios
as determined by DLS. n = 3; error bars represent standard deviations from
average values. (/nset) Expanded axes for spermine-DNA complex particle
sizes.
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particle diameter decreasing as spermine concentration is
increased, and the lowest average size is observed at a charge
ratio of 0.5. Upon analysis of the spermine-DNA particle
sizing data using an intensity-weighted bimodal distribution,
similar sizes are obtained for the predominant species in the
population. There also exists a smaller fraction of larger
sized complexes (400-800 nm), the percentage of which in-
creases above (+/—) 0.5 (data not shown).

Until a charge ratio of 1, lipospermine-DNA complexes
exhibit rather constant sizes (~200 nm). These sizes are
consistent with those obtained from electron microscopy
studies (see below). The smallest size for lipospermine-DNA
complexes is observed at a (+/—) of 0.25 (~120 nm). Above
a charge ratio of 1, visible aggregates could be seen in the
cuvette, invalidating further measurements.

Electron microscopy
Spermine-DNA

In the absence of spermine, we found it difficult to obtain
sharp images of DNA. These diffuse structures appear in
various shapes and sizes, suggesting that the larger structures
contain more than one plasmid (Fig. 8§ A). Spermine-DNA
complexes without any defined structure are seen up to
acharge ratio of 1 (Fig. 8, B and C), and it is not until a charge

F
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ratio of 1.25 is reached that significant numbers of compact
toroidal structure become apparent (Fig. 8 D). Toroids are
more prevalent at higher spermine concentrations, but not all
of the DNA is present in toroidal form, as is suggested by the
presence of DNA helices emanating from these toroids (Fig.
8, D-H). This is true for all charge ratios where toroids are
observed, i.e., (+/—) = 1.25 and above (Fig. 8, D-I). The
majority of the toroids are observed in clusters, either with
other toroids or among nontoroidal DNA helices, depending
on spermine concentration (Fig. 8, F and /). The average
outer diameter (~50 nm) measured in this study is more
consistent with that reported for cobalt hexammine-DNA
toroids (~40 nm; Arscott et al., 1995) than that for other
ligands such as spermidine (>100 nm; Allison et al., 1981;
Wilson and Bloomfield, 1979.

Lipospermine-DNA

Interestingly, very few isolated DNA helices, i.e., not present
in networks, are seen below charge neutrality, whereas
relatively larger numbers of these are seen for spermine-
DNA complexes (arrowhead in Fig. 8 B). Even though there
is a condensing element in lipospermine (Fig. 1 B), the re-
sulting structures do not assume toroidal dimensions (Fig. 9,
C-G). At charge ratios =1, the average lipospermine-DNA
complex seems to be ~4 times larger in size (~200 nm) than

H

FIGURE 8 Electron micrographs of spermine-DNA complexes at different (+/—) charge ratios: (A) naked DNA, (B) 0.5, (C) 1, (D) 1.25, (Eand F) 1.5, (G)
1.75, and (H and I) 2. Theoretical charge ratios are calculated using +4 for spermine and + 1 for DNA phosphate. Arrowheads in B and C: local DNA clustering
due to partial charge neutralization; arrowheads in E, F, G, and I: condensed DNA forming networks between toroids. [DNA] = 1 ug/ml. Bars ~200 um.
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FIGURE 9 Electron micrographs of lipospermine-DNA complexes at different (+/—) charge ratios: (A) 0.375, (B) 0.5, (C) 1, (D) 1.25, (E) 1.25, (F) 1.5, and
(G) 2. Theoretical charge ratios are calculated using +3 for lipospermine and +1 for DNA phosphate. Arrowheads in C and D: collapsed DNA ordered as
“‘tubular’’ structures; arrows in A, B, D, E, and F: dense regions in the lipospermine-DNA network that persist even at higher [lipospermine]. [DNA] = 1 ug/ml.

Bars ~200 pwm.

the spermine-DNA toroids. Determination of representative
values for the diameter of lipospermine-DNA complexes is
difficult due to the lack of consistent dimensions in these
structures. Although a toroidal structure is not apparent at
any charge ratio, larger aggregates resembling thick ‘‘tubes’’
begin to appear at (+/—) charge ratios 1 and 1.25 (arrow-
heads in Fig. 9, C and D). However, DNA helices that have
not collapsed to form tubes can still be seen at 1.25 (Fig. 9
E). The tubular structures appear more frequently at higher
lipospermine concentrations, where a circular tube with
a dense periphery and a ‘‘webbed’’ interior is a common
feature (Fig. 9, D and G). Unlike toroids (Fig. 8, E—G), the
interiors of these structures are darker than the background
(Fig. 9, E and F), suggesting the encircling of DNA and/or
lipospermine by the tubular structure. At charge ratios =1.5,
DNA helices can be seen radiating outwards from the tubes
in a manner analogous to that seen for toroids. At a charge
ratio of 2, very few such helices could be seen, although the
sizes of the tubes varied considerably and were larger than
those at lower charge ratios (Fig. 9 G).

DISCUSSION
Heat capacity changes

An advantage offered by estimation of heat capacity changes
(AC,) associated with ligand-macromolecule binding is that
changes in hydrophobic and polar hydration can be dif-
ferentiated (Spolar et al., 1992). Unlike other thermodynamic
parameters which have contributions from various sources,
AC, is believed to arise purely from molecular solvation or
desolvation associated with binding (Baldwin, 1986 Murphy
and Gill, 1990 Spolar et al., 1992) and hence this parameter
can be utilized to estimate the extent of burial or exposure to
water of polar and nonpolar groups upon macromolecular
binding. It should be noted that calorimetric AHs of ligand-
DNA binding calculated from the pretransition part of the
binding profiles at all temperatures bear no structural
assumptions. Hence the AC, values are not derived from
any model-dependant parameters.

The estimation of a slightly negative AC|, seems unusual
for cobalt hexammine and spermine binding to DNA (Table

Biophysical Journal 88(3) 2089-2103
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TABLE 2 Electrostatic and nonelectrostatic enthalpies of
binding of cobalt hexammine, spermine, and lipospermine
to DNA

Ligand AH .. (kcal/mol) AH oneiee (kcal/mol)
Co(NH;)? +0.71 + 0.903
Spermine + 0.947 + 1.446
Lipospermine + 0.77 + 6.43

1); binding of these molecules to DNA would be expected to
yield a positive AC,, due to burial of polar groups (0.14 cal/
mol K A% Spolar et al., 1992). However, we feel that this
discrepancy is likely due to the inherent variability in
determining AC}, values as reported by Matulis et al. (2000)
for cobalt hexammine-DNA binding (values range from 20
to 50 cal/mol K). Regardless, comparable AC, values for
cobalt hexammine- and spermine-DNA binding (Table 1)
suggest that there is minimal contribution from changes in
the hydration state of the CH, groups in spermine to the net
binding energetics. The absence of hydrophobic interactions
between CH, groups in spermine seems more likely when
one takes into account that i), the difference between the AC,
values for spermine (—17.98 cal/mol K) and cobalt hexam-
mine (—23.39 cal/mol K) binding to DNA is 5.41 cal/mol K
(Table 1), and ii), the heat capacity change upon burial of a
methylene group is —13.38 cal/mol K (Heerklotz and Epand,
2001.

The contribution from electrostatic interactions to en-
thalpy of cation binding to DNA can be calculated from
Matulis et al. (2000):

AHe = zRT(v — 1) )

where v is the experimentally determined parameter for the
temperature dependence of the dielectric constant of water,
and z is the ligand valence. The theoretical electrostatic
enthalpies, based on this relationship, are 0.71 kcal/mol for
cobalt hexammine- and lipospermine-, and 0.947 kcal/mol
for spermine-DNA binding (Table 2). Based on the
discussion presented above, the differences in theoretical
and measured enthalpies for cobalt hexammine and spermine
binding to DNA may arise due to interactions between the
ammonium ions and groups present in DNA bases (Egliet al.,
1991; Tari and Secco, 1991. Indeed, amine groups in
spermine have been postulated to interact with different sites
in the major groove (Gessner et al., 1989; Tari and Secco,
1991 as well as in the minor groove (Bancroft et al., 1994;
Schmid and Behr, 1991. Release of water molecules
associated with such binding events may account for the
nonelectrostatic, unfavorable AH of binding. We suggest
that the large nonelectrostatic component of lipospermine-
DNA binding enthalpy at 25°C (Table 2) arises as a result
of burial of acyl chains upon binding to DNA that be-
comes relatively more favorable at higher temperatures
(Fig. 5).
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Changes in lipid hydration state upon
lipospermine-DNA binding

Before DNA collapse, all changes in the hydration state of
spermine and the headgroup in lipospermine would be
similar upon binding to DNA. Hence, subtraction of the heat
capacity change of spermine-DNA binding (AC, spermine)
from that of lipospermine-DNA binding (AC} iipospermine)
should provide an estimate for the contribution of lipo-
spermine acyl chain burial (ACp,) upon binding to DNA.
The difference between the number of charges carried by
spermine (+4) and lipospermine (+3) at pH 6 was not
accounted for while estimating AC,,4, because the incremen-
tal heat capacity change per charge for spermine-DNA
binding is small (—4.5 cal/mol K) and most likely within the
error of measurement of the AC, for lipospermine-DNA
binding. Furthermore, it is quite unlikely that electrostatics
would make a significant contribution to the net heat
capacity change, since the overall heat capacity of lipo-
spermine-DNA binding is relatively large (Gallagher and
Sharp, 1998.

For saturated hydrocarbon chains, the buried hydrophobic
surface area can be expressed as the heat capacity change per
buried methylene group, —13.38 cal/mol K (Heerklotz and
Epand, 2001. Thus, the calculated AC pd» —220.94 cal/mol K
indicates that ~17 CH, groups are buried, i.e., only ~50%
of the CH, groups undergo changes in solvent exposure
upon binding to DNA. It has been shown that in diacyl
amphiphiles, each chain partially buries the other in water,
covering 20% of the total surface (Tanford, 1980), which
suggests that after binding ~30% of the two acyl chains on
a lipospermine molecule remain hydrated, i.e., ~11 CH,
groups. This is consistent with a model presented by Matulis
et al. (2002) for dodecylammonium-DNA complexes. Pre-
sumably, this level of hydration is due to the large ratio of the
cross-sectional surface area of the lipospermine head group
to that of the hydrocarbon chains, which may hinder their
efficient packing around DNA. Moreover, the linker region
between the head group and the acyl chains in lipospermine
contains two carbonyl groups which can readily form hy-
drogen bonds with water molecules. This would introduce
more water molecules in the vicinity of the first methylene
group on each chain and that of DNA. This is not surprising
considering the maintenance of DNA in the B-form upon
lipospermine/DNA complex formation (as determined by
CD spectroscopy; data not shown).

Dynamics of spermine induced DNA collapse

For spermine-DNA binding, the heat of collapse is
represented by the second enthalpic peak observed at charge
ratio 0.6 (Fig. 4). At charge ratio 0.5, the reduction in AH of
binding would arise as a collective result of i), decreased
accessibility of binding sites to spermine molecules due to
partial saturation of DNA helices, and ii), dipole-dipole
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interactions between water molecules oriented favorably on
adjacent DNA helices (Rau and Parsegian, 1992 Strey et al.,
1998). It is difficult to differentiate between these two
phenomena since DNA concentrations required for ITC
experiments are high enough so that saturation of individual
DNA helices is not a prerequisite for a multimolecular
collapse (Post and Zimm, 1982. At this stage, sufficient
spermine molecules have bound to DNA to reduce the large
repulsive electrostatic interactions between adjacent DNA
phosphates, on the same as well as on neighboring helices
(Fig. 10 B). This would not only allow a single strand to bend
upon itself but would also facilitate neutralized regions from
two or more helices to approach each other. The latter event
is made favorable by intermolecular bridging by spermine
(Neidle, 1999; Schellman and Parthasarathy, 1984 Fig. 10 C)
as well as by hydration forces due to water dipole-dipole
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FIGURE 10 Pictorial representation of sper-
mine-DNA binding and collapse. (A) Electro-
static repulsion between helices is predominant at
lower spermine concentrations, which prevents
close approach of multiple plasmids, (B) a par-
tially bound spermine molecule can bring 2 or
more helices into close contact by reducing this

- repulsion and forming intermolecular bridges,

and (C) at higher spermine concentrations,
multiple helices collapse together. Such col-
lapsed helices then form multimolecular ‘‘cords’’
packed with spermine molecules, which are then
recruited into toroids.

multimolecular
toroid

interactions between helices (Rau and Parsegian, 1992. We
speculate that these events result in DNA collapse as
indicated by the coalescence of two or more partially
saturated DNA helices into thicker ‘‘cord’’like structures,
the initiation of which is represented by the second calo-
rimetric endothermic peak, and also suggested by the ap-
pearance of thicker regions at charge ratios lower than 1 in
spermine-DNA networks (arrowheads in Fig. 8, B and C).
Such collapsed regions eventually lead to toroid formation
and also to links between toroids at higher charge ratios
(arrowheads in Fig. 8, E, F, G, and I).

It is difficult to comment on whether the particle sizes
determined from light scattering and toroid diameters
calculated from EM can be correlated. First, the minimum
size obtained from DLS experiments (17 £ 8.8 nm) is
significantly smaller than toroid diameters calculated from
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EM (54 = 8 nm). This is surprising, considering that
aggregation related artifacts are known to cause increased
light scattering which can be falsely interpreted to mean that
larger particle sizes are present (Arscott et al., 1995). The
difference can be reconciled by noting that drying of samples
in EM might introduce concentration-related artifacts; this
would explain the observation of agglomerates at lower
charge ratios in EM (Fig. 8, B and C) when no aggregated
complex sizes are suggested by the light scattering data (Fig.
7). Second, toroids are not seen until a charge ratio of 1.25,
whereas the minimum spermine-DNA particle size from the
light scattering studies is observed at a much lower ligand
concentration (~0.5; Fig. 7). Although no toroids could be
detected with EM at (+/—) 0.5 (Fig. 8 B), the DNA
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concentrations used for these experiments were 165 times
lower than those used in light scattering studies. Electron
micrographs at the higher DNA concentration were charac-
terized by drying induced aggregation. It must be remembered
that toroid formation is not the only structural definition of
DNA condensation, and that the cordlike network between
toroids (Fig. 8, E-I) is also a form of condensed DNA
consisting of multiple DNA strands (Arscott et al., 1995; Sitko
et al., 2003).

Interestingly, there is a significant qualitative correlation
between the ITC and light scattering data in that the particle
size attains a minimum (17 *= 8.8 nm) in the same charge
ratio range where the enthalpy of spermine-DNA binding
displays a second endothermic peak, i.e., 0.5-0.6. This is

FIGURE 11 Pictorial representation of lipo-
spermine-DNA  binding. (A) Helices are
separated due to electrostatic repulsion, (B) as
more lipospermine molecules bind to DNA, the
acyl chains bound on the same as well as on
neighboring helices coalesce together owing to
the hydrophobic effect, thereby bringing mul-
tiple plasmids together, and (C) despite such
a multimolecular coalescence of DNA helices,
tight packaging of DNA is precluded due to the
steric barrier posed by the acyl chains.

el
o

1
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a significant observation and supports the contention that the
latter might represent DNA collapse. To the best of our
knowledge, such a correlation between the calorimetric sec-
ond endothermic peak and structural aspects of DNA conden-
sation has not been established. However, the relationship,
if any, between DNA collapse/condensation and toroid
formation remains to be studied.

After the collapse of partially saturated DNA, subsequently
injected spermine molecules continue to bind to DNA as
evidenced by the rise in AH of binding before it decreases due
to phosphate saturation (Fig. 4). Indeed, it has been theorized
that a higher binding affinity of ligand to the collapsed form of
DNA is a prerequisite for ligand induced DNA collapse and
condensation (Lando and Teif, 2002. This is consistent with
a previous study showing that the increase in AH above
charge ratio 0.5 is accompanied by a favorable entropy
(Matulis et al., 2000). It is possible that, upon collapse, in
addition to spermine-DNA binding the favorable entropy
arises from considerable changes in the tertiary conformation
of DNA, i.e., initiation of cord formation.

Ligand-specific effects on DNA binding and collapse

For cobalt hexammine, the second phase of ligand-DNA
binding is not observed until the charge ratio >1 (Fig. 3;
Matulis et al., 2000), whereas it is observed at approximately
half that value, i.e., 0.6, for spermine (Fig. 4). Even though
the number of charges on these ligands suggests that the
saturated charge fractions of DNA, calculated from the
counterion condensation theory (Manning, 1978) are
sufficient for DNA collapse (Bloomfield, 1991 Manning,
1978), 0.92 and 0.94, respectively, the charge ratios where
these ligands induce collapse are significantly different. This
discrepancy presumably arises because the theory treats all
charges as point charges and does not take molecular details
of the ligand into account. Indeed the longer length of the
spermine molecule has been shown to facilitate interplasmid
bridging (Neidle, 1999; Schellman and Parthasarathy, 1984
and likely favors simultaneous collapse of neighboring DNA
helices at less than stoichiometric concentrations, whereas
a higher cobalt hexammine concentration is required for
DNA collapse.

The absence of a second endothermic peak in the
lipospermine-DNA binding isotherm suggests that liposper-
mine does not induce true DNA collapse. Considering that
hydration forces are active at interaxial distances of ~3 nm
(Strey et al., 1998), which is approximately equal to the acyl
chain length of a single lipospermine molecule, a possible
reason for the absence of collapse is the steric barrier posed by
the acyl chains to DNA collapse (Fig. 11). Thus, if two
lipospermine molecules are considered to be bound to DNA
with acyl chains aligned perpendicular to the axes of two
helices, the acyl chains would prevent the close approach of
DNA helices that is required for a multimolecular collapse

2101

(Fig. 11, Band C). This contention combined with the absence
of a second endothermic peak in lipospermine-DNA binding
leads us to suggest that, as opposed to spermine-DNA bind-
ing, a partially collapsed structure is not formed in this case.

Owing to the presence of a condensing element in lipo-
spermine, it was anticipated that the resulting complexes
would be more compact than monovalent lipid-DNA com-
plexes, which are ~200-300 nm in diameter (Gustafsson
etal., 1995; Kennedy et al., 2000; Simberg et al., 2001), if not
as compact as toroids. However, the EM pictures show that
the sizes of the resulting structures (~200 nm and larger; Fig.
9, D and G) are consistent with those of monovalent cationic
lipid-DNA complexes. As suggested above, this is likely due
to the presence of the acyl chains in lipospermine (Fig. 11 C).
Even though these sizes are in significant agreement with
those obtained from light scattering studies (Fig. 7), the
tubular structures could not be seen until a charge ratio of 1
(Fig. 9 C), whereas light scattering suggests that structures of
~200 nm diameter are present even at lower charge ratios.
Contrary to spermine-DNA complexes, areas with local DNA
clustering below charge neutrality appear denser in the
lipospermine-DNA network (arrows in Fig. 9, A and B).
Based on the observation that these dense regions persist in
the complexes even after formation of the large tubular
structures is complete (arrows in Fig. 9, D and F), we propose
that these regions act as nucleating sites around which
subsequent DNA helices are assembled into the final tubular
structures. A similar observation has been used to make an
analogous suggestion in an earlier study, where structures of
lipospermine-DNA complexes were studied by scanning
force microscopy (Dunlap etal., 1997). This mode of complex
formation supports the notion of positive cooperativity in
lipospermine-DNA binding.

CONCLUSIONS

In summary, there seems to be no significant contribution
from hydrophobicity to spermine-DNA binding. Even though
the higher hydrophobicity of lipospermine yields a larger
DNA binding affinity, it precludes true DNA condensation as
defined by compaction into toroidal dimensions. This is
suggested by measurements made under dry as well as so-
lution conditions. Based on these findings, we postulate that
even though hydrophobicity of multivalent cationic lipids
may drive DNA binding and a multimolecular coalescence, it
would contribute minimally to the actual event of DNA
packaging into dimensions comparable to those observed in
viral heads and sperm cells. Although the less efficient DNA
packaging induced by cationic lipids hampers cellular uptake,
the consistent observation that these agents facilitate gene
delivery suggests that hydrophobicity is important for other
steps in the transfection process, e.g., membrane fusion.
Moreover, the tendency of hydrophobic groups to remain
isolated from a polar environment presumably renders the
bound DNA less accessible to degrading nucleases.
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