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Abstract: Alkylammonium binding to DNA was studied by isothermal titration calorimetry. Experimental
data, obtained as functions of alkyl chain length, salt concentration, DNA concentration, and temperature,
provided a detailed thermodynamic description of lipid—DNA binding reactions leading to DNA condensation.
Lipid binding, counterion displacement, and DNA condensation were highly cooperative processes, driven
by a large increase in entropy and opposed by a relatively small endothermic enthalpy at room temperature.
Large negative heat capacity change indicated a contribution from hydrophobic interactions between aliphatic
tails.An approximation of lipid—DNA binding as dominated by two factors—ionic and hydrophobic
interactions—yielded a model that was consistent with experimental data. Chemical group contributions to
the energetics of binding were determined and could be used to predict energetics of other lipid binding to
DNA. Electrostatic and hydrophobic contributions to Gibbs free energy, enthalpy, entropy, and heat capacity
could be distinguished by applying additivity principles. Binding of lipids with two, three, and four aliphatic
tails was investigated and compared to single-tailed lipid binding. Structurally, the model suggests that
lipid cationic headgroups and aliphatic tails distribute evenly and lay down on DNA surface without the
formation of micelles.

Introduction (i) cooperative hydrophobic interaction between aliphatic tails
that also brings multiple DNA molecules together. It appears
that these two processes are sufficient to fit all experimental
data.

DNA —cationic lipid interaction has been studied by a variety
of methods using various DNAs and lipids, including lipids that
are aggregated into micelléiposomes’*in organic solvents,
using fluorophore probésby potentiometric titratiort, fluo-
rescence microscopydifferential scanning calorimet§/and
isothermal titration calorimetryInvestigation of closely related
processes such as counterion release from DNA upon binding
lipids!® and DNA overcharging to a positively charged complex
by a lipid has received considerable attenfib#Modeling of
electrostatic, hydrophobic, and hydration forces in such interac-

The process of cationic lipid binding to DNA is of great
importance for both basic science and biotechnological applica-
tions. However, neither the energetics of interaction nor the
structure of the resultant complex is well understood despite
many studies in the field. To clarify the energetics of this
important but complex system, we investigated the thermo-
dynamics of cationic lipidlike ligand binding to DNA by
isothermal titration calorimetry. Extensive experimental data is
presented as functions of lipid alkyl chain length, DNA
concentration, ionic strength of solution, and temperature,
yielding all thermodynamic parameters of the interaction
process. We used model compounds that are not naturally
occurring lipids, but are of the simplest chemical structure and
bear two components of the naturally occurring liptasitionic
headgroup and hydrophobic aliphatic tail. By comparing the
behavior of ligands with similar structures we obtained the
contributions of chemical groups, such asLtd the energetics
of DNA—lipid binding.

We then developed a mathematical model of binding that
accounts for all observed data in a global fashion. Similar models
have been developed by othér§he model approximates
DNA—lipid interaction as a sum of two processes, (i) am-
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tions has also been widely studi€dPhase diagrams of lipiel
DNA complexes also proved to be compfgx>

calorimetric results and models give considerable insight into
the role of atomic-level groups in the interacting partners.

Cationic lipids are widely used to transfect DNA across the ~ We show that every additional methylene group of the
cell membrane for gene delivery applicatidfid” However, the aliphatic lipid chain increases the association constant about
process is rather poorly understood, and the search for the mos#-fold by increasing the binding cooperativity. The enthalpy
efficient transfection agents is mostly empirical. Here we do remains endothermic, relatively small, and practically indepen-
not study DNA transfection across a membrane, but we dent of aliphatic chain length or salt concentration. Binding is
investigate the first stage of the transfection process, namely,weaker at high salt because of reduced electrostatic entropy but
DNA—lipid binding and DNA condensation. is stronger with increased chain length because of increased

It has been observed that monovalent and divalent cations,hydrophobic entropy. As expected for an aggregation process,
such as sodium and magnesium, do not condense DNA. Usuallylipid—DNA interaction thermodynamics is dependent on DNA
the smallest charge that the cation has to possess to condensgoncentration. Finally, as expected for most hydrophobic
DNA is +3.18 Cobalt hexammine and spermidine are the most reactions, the binding strength is practically independent of
widely used trivalent cations that condense DNAdowever, temperature because of compensating entropic and enthalpic
monovalent alkylammonium cations that have sufficiently long contributions to the process.
aliphatic chains also efficiently condense DNA. This is because, pjaterials and Methods
in addition to electrostatic attraction forces of a monovalent
cation, cationic lipids also possess aliphatic tails that tend to

bind Fo.ea(?h.o'[h.er QUe to hydrophobic lnt.eractlons. L—rpZD:NA Escherichia colistrain DHP5e. with pUC118 plasmid was obtained
and lipid-lipid binding mayl not be experimentally distinguish- from Dr. Anath Das, University of Minnesota, and is available from
able from DNA condensation because the two processes oCCURyorthington Biochemical Corporation (Lakewood, NJ). Cells were
highly cooperatively and simultaneously. The energetic param- grown in 6 L of LB medium containing 5@g/mL ampicillin. Plasmid
eters reported in this study pertain to the sum of all simulta- was isolated and purified using Qiagen (Germany) Endo Free Giga
neously occurring processes, including sodium displacement, plasmid isolation kit. Plasmid size is 3168 base pairs. Size homogeneity
lipid binding, and condensation of the DNAipid complex. was confirmed to be above 98% by agarose gel electrophoresis. Plasmid
Aggregation and precipitation of the condensed complex DNA stock was prepared by dissolving dried DNA in wate(5 mg/
occurred in every case where binding was observed. mL) with 20 mM NaCl. DNA concentration was determined spectro-

Most isothermal titration calorimetry experiments of DNA photometrically using the relationshipiso = 50 4g/mL = 0.15 mM

liid binding in th . dies h b ied ith DNA phosphate (nucleotide).
!p! |.n Ing 'n,t e preVIQus studies aYe een carried out wit Calf thymus DNA (catalog no. D-1501) was purchased from Sigma
lipids in micellized® or liposomal (vesicula?}-?? forms. The

Co., St. Louis, MO. Stock solution was prepared by dissolving dry
study by Spink attempted to dissect the energetics of lipid pNA in water (~1 mg/mL) with 10 mM NaCl. The solution was
micellization and binding to DNA. Calorimetric titration study  sonicated on ice five times for 15 s. Obtained DNA fragment sizes, as
of nonmicellized dodecyltrimethylammonium binding to DA confirmed by agarose gel electrophoresis, were about 1000 base pairs.
showed a cooperative binding peak similar to the ones reportedTitration calorimetry experimental results were similar when comparing
in this study. the two sources of DNA. Most experiments were carried out using

A systematic calorimetric study of cationic lipid with varied ~P'asmid DNA because it is homogeneous in size and data were less
. . - . noisy.
Eﬁ?trr?grl:r?grlg t{ak:le::nigtl’; 2'::(;”?0 tgisgr'?lgpl;i;‘? s;ht;ezge:%g;ilggof Chemicals.The following amines were purchased from Aldrich Co.,

. L ) ) . Milwaukee, WI. Propylamine (%), propylammonium hydrochloride,
lipid binding from counterion displacement by carrying out octylamine (99%, cat. no. 0-580-2), nonylamine (98%, cat. no. N3,-

experiments at various ionic strengths. There is also a need forigp-1), decylamine (95%, cat. no. D240-4), undecylamine (98%, cat.
a systematic investigation of the dependence of energetics 0mno. U140-0), tridecylamine (98%, cat. no. T5,800-9), tetradecylamine
various lipid structure features such as double-tailed lipids. The (96%, cat. no. T1,020-0), dihexylamine (97%, cat. no. 13,120-2),
energetic approach to understand DNUpid interaction could dioctylamine (98%, cat. no. D20,114-6), didecylamine (98%, cat. no.
be complementary to structural studies. Unfortunately, there are26,497-0), trihexylamine (96%, cat. no. 18,399-7), trioctylamine (98%,
no atomic resolution DNAlipid cocrystal structures in the  cat no. T8,100-0), tetrahexylammonium chloride (98%, cat. no. 26,-
Nucleic Acid Database nor are there NMR structures of the 383-4). tetraheptylammonium bromide (98%, cat. no. 23,784-1),
complexes in solution, which might help assign energetic results traoctylammonium - bromide (98%, 29,413-6), didecyldimethyl-

to particular structural features of the complex. However, 2mmonium bromide (98%, cat. no. 38,231-0), didodecyldimethyl-
P piex. ' ammonium bromide (98%, 35,902-5). The following amines were

purchased from Acros Organics (currently obtainable through Fisher
Scientific): octylamine hydrochloride (99%, cat. no. 41643-1000),
dodecylamine (98%, cat. no. 11766-100®)dodecyl trimethylammo-
nium bromide (purity not declared, cat. no. US 18218) was obtained
from USB corporation, Cleveland, OH, and Sigma Co. (cat. no.
D-8638). Tetradecyltrimethylammonium bromide (cat. no. T-4762) and
hexadecyltrimethylammonium bromide (cat. no. H-5882) were also
obtained from Sigma Co.

Alkylamine aqueous solutions were prepared by dissolving them in
water containing equivalent amount of hydrochloric acid. Liquid amines
were stored in tightly sealed containers because they react with
atmospheric C@ Solid amines were kept in desiccators to prevent
accumulation of moisture.

Preparation of DNA. Two kinds of double-stranded DNA were
used in this studyplasmid pUC118 DNA and calf thymus DNA.
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Isothermal Titration Calorimetry of Ligand Binding. Isothermal

titration calorimetry was performed with a Microcal (Northampton, MA) 136
MCS calorimeter at 25:658.0°C temperatures by keeping the cooling
circulating bath temperature constant at°’2Z The cell volume was 134 1

1.3438 mL. Two milliliters of pUC118 DNA solution in 10 mM NacCl o
(unless otherwise specified), pH 6-8.9, with no buffer, was added @
to the calorimeter cell. After careful washing, the cell was prerinsed ~
with the portion of the same DNA solution before each titration '3_
experiment. The concentration of the DNA phosphate groups (nucle- «$
otides) in the cell was 0.33 mM (unless otherwise specified) at the g
beginning of titration. Various ligand solutions, pH A00.4, were n?
injected in 40 portions of 6.26L with a 250uL injection syringe, at

3-min intervals. A control experiment was carried out for each ligand

to find out the heats of ligand dilution by omitting DNA from the
solution in the cell. In most cases, when the heat of dilution was less
than 5% of the heat of binding, it was disregarded. When the heat of ! J 1 ! ! !
dilution was above 5% (and the heat of dilution was nearly constant 0 20 40 60 80 100 120
throughout the control experiment) and the peaks of the same size could Time, min

be visible at the end of the actual binding experiment, then the heat of
dilution was subtracted to obtain the heat of binding. If every one of Figure 1. Raw data isothermal titration calorimetric curves of undecyl-

these conditions could not be fulfilled, then the data were regarded as 2™mMonium chloride binding to plasmid pUC118 DNA. Solid line shows
unreliable and were not included in this study the dependence of power on time for each injection of undecylammonium

] ) ] onto the DNA solution. The dashed line shows a titration at identical
Heat measurement of the calorimeter was calibrated electrically and conditions except that DNA was omitted from the solution in the calorimetric
verified by carrying out the Tris base protonation reaction with cell providing the heats of ligand dilution during titration.

hydrochloric acid AH = —47.6 kJ/mol). Lo

Analysis of the Titration Calorimetry Data. Raw data curveswere ~ Pinding to DNA, because double-stranded DNA cannot be
integrated using Microcal Origin software as described in the instrument COmMpletely stripped of counterions. Such counterions are not
manual. The baseline was not adjusted to improve data fitting with the bound specifically. Instead they are thought to be fully hydrated
model to accurately represent the original data. The cooperative bindingand held nearby by nonspecific electrostatic foréetherefore,
model was designed to generate lines to best represent the experimentave actually study a competition reaction between the two
data as described in the Results section. The area under the experimentaigands;
curve and the model curve were adjusted to match each other.

During a titration calorimetry experiment, the concentration of DNA DNAP ---Na" + RNH3Jr +ClI" <
in the cell decreases slightly. For example, when the starting concentra- _ n n _
tion was 0.333 mM DNA phosphate, then the final concentration after DNAP -RNH;" + Na" + CI" (1)
40 injections was 0.296 mM. A correction to account for this change ) . .
was found to be not necessary because the integral molar enthalpy was A Second reaction, DNA condensation, occurs simultaneously
affected by less than 3%, and most heat was evolved during initial With the ligand displacement:
injections.

NnDNAP™-RNH, " < (DNAP™-RNH, "),/ )
Results
The two reactions cannot be studied independently because
they occur at the same time in a highly cooperative manner.
Therefore, the energetics that we measure should be assigned
to the sum of all these processes.
Alkylammonium chlorides are significantly soluble in water

Linear Alkyl-1-ammonium Cation Binding to DNA. We
first considered the structurally simplest lipidlike cation, alkyl-
ammonium chloride, binding to DNA. A typical experimental
isothermal titration calorimetric curve of undecylammonium
binding to DNA is shown in Figure 1. There is little heat emited

or absorbed with initial injection of the ligand. Then there is a anld (_jo not form E]lclellesrfatfz lTl\l/l cls)qcenftriaét;on, Ln low salt
gradual increase in the size of positive peaks, and eventuallySo utions) up to the length of alkyl chain o carbon atoms

they decrease until all peaks remain small and negative A(tetradecylammonium chloride). Therefore, titration calorimetry
control experiment, where DNA was omitted from the cell, yields the heats associated with processes (1) and (2) without

showed that the small negative peaks are associated with thethe |ntgrfer|ng heat Of, lipid demicellization. .

heat of dilution of the ligand. Both raw data titration curves _Apphcatl(_)n_ of the _Zlmm —Bragg DNA Melting MOd'.el To
were integrated. Then the integrated curve obtained withoutSImUIate Lipid B'nf'zgg Curves_. NOW we apply a Zlmm-_
DNA was subtracted from the curve obtained in the presence Bragg-type modef°to quantitatively describe alkylamine

of DNA, yielding curves as shown in Figures-8, 8 (datapoints bind@ng o DNA. .The mode| was originally applied to DNA
melting, expressing the fraction of melted DN®) as a

only). . ,
As in a previous study we found that all tested cationic function of two parameters; ando:
lipidlike ligands bound to DNA with endothermic enthalpy at 1 1 s—1
25°C. The enthalpic contribution opposed the binding reaction. 0= 2 + 5 —\/f 3)
Therefore, the reaction could be driven only by the positive (s— 1) +4s

change in entropy. These enthalpies and entropies cannot by g narametes describes the strength of association at a single
directly assigned to the binding reaction because a series ofg;;q (base pairing), and the parameteis the cooperativity
reactions occur simultaneously. First, a sodium cation must be '

displaced from the counterion atmosphere upon alkylammonium (23) Manning, G. S.; Ray, J. Biomol. Struct. Dyn199§ 16, 461—-476.
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Cationic lipidlike alkylammonium binding to DNA can be We now express the fraction of bound ligand using eqs 4
described in a manner mathematically and conceptually similar and 8:
to DNA melting. The binding process is highly cooperative,
that is, an additional ligand molecule prefers to bind next to e =1+
the previously bound ligand rather than to a portion of DNA 2
with no bound ligand molecules. The binding strendfh 6f [DNAP],
such interaction is equivalent to the parametén the DNA yfw sp
melting model. The cooperativity shows how many times
smalller is the probability to find ligands bound isolated from [DNAP],: | 2
each other than adjacent to each other. For convenience, we \/(( N Sp) o—1
. o . [Na']
introduce cooperativityy (w = 1/0) which shows how many
times greater is the probability to find ligands bound adjacent
to each other than away from each other. The fraction of bound
ligand per DNA phosphate) can be expressed as a function
of the binding strengthK) and cooperativity ¢):

X

NI

o

w—1

©)

[DNAP]; @
+ 4 P
yf [N 5+] Sp

Here o = 1 for reactions which are carried out at low ionic
strength up to about 50 mM NaCl. A slight correction for
was necessary only for reactions occurring at higher ionic

strength.
1 1 K—1 Titration calorimetry measures the he#tl evolved upon
6= 2 + 2 7 (4) addition of the ligand. It is assumed that the heat is proportional
(K— 1)2+ 45 to the amount of bound ligand, independent of the reaction

progress. This heat is equal to the enthalpy because the pressure
is constant. A series of enthalpies are obtained during the
titration calorimetry experiment as a functionypfadded ligand
concentration divided by total DNA phosphate concentration

in the cell:

Localization (binding) constants of Naations at the DNA
surface are described by the following relationship wheis
equal to 1 at low ionic strength ([NaCH0) and¥/ at high ionic
strength ([NaCl}—~ ~1 M):26

ion" « [RNH3+]tot
t sur = =—

where [catiorf]suris the concentration of all cations localized ~ Therefore:

at DNA surface, approximately equal to 1 M, and independent

of sodium concentration in bulk solution [N Similarly, the OH(y) = AH@ (11)
binding constants of alkylammonium cations are equal to oy
tior o whereAH is the integral molar enthalpy of ligand binding. This
= [cation” s, (6) integral enthalpy is obtained experimentally by summing all
RNR [RNH3+] K heats evolved during each addition of the ligand.

To fit the model curves to our experimental titration calo-
where [RNH*] is the concentration of free alkylammonium rimetry curves, we expressed the derivativedas:
cation andKsp is the specificity competition constant which
shows the extent to which a hypothetical amine without the 00 _ ©(ith injection)— ©((i — 1) injection)
hydrophobic tail, binds more strongly to DNA than does'Na dy  y(ith injection)— y((i — 1) injection)
If only nonspecific electrostatic forces played a role héig,
would be equal to unity because both cations are singly charged. Figures 2-6 and 8 show experimental ITC datapoints and
If sodium binds stronger than the hypothetical amilig, is their curve fits using the model described above. Such a simple
smaller than unity. The best fit of all our experimental data model with only two fitting parameters for low salt solutions
yieldedKsp equal to 0.028. (Kspandw) and three fitting parameters for high salt solutions

Electrostatic alkylammonium binding constant may be ex- (Ksp @, and o) should not be expected to reproduce small
pressed as experimental details. However, the model predicts the positions
and general shapes of the experimentally observed peaks as a
Knar [RNH3+] « function of alkyl chain length, salt concentration, and DNA
Ketec = i = K (7) concentration.
RNH,* [Na'] Electrostatic and Hydrophobic Contributions to the Gibbs
Free Energy.Alkylammonium cations bind to DNA due to the
combination of electrostatic and hydrophobic forces. We asume
that the Gibbs free energies of the two contributions are additive:

(12)

and the overall alkylammonium binding constdin eq 4 is
the product of electrostatic binding constant and cooperativity:

[RNH,] |* [DNAP],  |* AG=—RTINK = A_.G + ApeG (13)
K= Kele(.w = +. sp =1\Yr + sp w (8) elec
[Na'] [Na']
(24) Zimm, B. H.; Bragg, |. KJ. Chem. Phys1959 31, 526-535.
wherey; is the ratio of free ligand concentration [RNH to (25) E;ﬁjﬁggﬂIﬁégfatﬁhgfkgﬁ;"si’ééB-I\}S\}ft\'féﬁ("f'fghg’f;'cspogg"ﬁir_om"'““’es
total DNA phosphate (nucleotide) concentration [DNAP] (26) Rouzina, I.; Bloomfield, V. AJ. Phys. Chem1996 100, 4292-4304.
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The electrostatic component of the Gibbs free energy of
binding is equal to
J-

.
[Na’]

Ages

elec~
[DNAP]

Na'] Ka) @9
whereR is the gas constant, is the temperature in Kelviry.
is the empirical parameter in eq 5, [RhH is the concentration
of unbound alkylammonium cation, and [Nas the concentra-
tion of unbound sodium ions.

The hydrophobic contribution to the Gibbs free energy of
binding depends om, the number of carbon atoms in the alkyl
chain:

ApG=RTInw=AG + ACHZGm (15)
whereAqG is the reference free energy of hydrophobic effect,
and Acu,G is the contribution to the free energy from a
methylene group. In terms of the cooperativity facigreq 15
can be rewritten as:

o = wAw" (16)

Here Aw is the increment in the cooperativity factor per

methylene group. This increment should be equal to about four,
that is, alkyl chain elongation by one methylene group increases
the tendency of ligand binding adjacent to each other by about

aliphatic tail. One way to dissect these contributions is to assume
that the enthalpy of ammonium phosphate crystallization (per
ion pair) and the enthalpy of alkylammonium headgroup binding
to DNA are equal. In other words, we assume that the enthalpies
observed in inorganic reactions for specific bond formation carry
over to large macromolecules when the same kind of bonds
are formed. We believe that this assumption is reasonable, but
the uncertainty of such additivity is significant.

The calorimetric enthalpy of ammonium phosphate dissolu-
tion in water is equal to—3.0 kJ/mol¥2 There are three
ammonium groups per one phosphate anion in the crystal.
Therefore, we would expect the enthalpy of one ammonium-
phosphate pair formation to be abobl.0 kJ/mol.

Alternatively, we can calculate the electrostatic enthalpy of
cation binding to DNA by using the relationship:

AH=zRTv — 1) (19)

where z is the valence of the cation and = 1.4 is the
experimentally determined exponent in the equation for the
temperature dependence of the dielectric constant of water:

e=ex(THT)" (20)

wheree* is the dielectric constant of water 8% = 298 K.
According to relations 19 and 20, the predicted electrostatic
enthalpy of monovalent cation binding to DNA is equatt0.99
kJ/mol, for divalent ist+1.98 kJ/mol, and for trivalent i$-2.97
kJ/mol. Thus, we assume both from the ammonium phosphate
crystallization and electrostatic calculations that the electrostatic
component of binding enthalpy is abotil.0 kJ/mol at 25C

4 times. A factor of 4.24 has been found in many systems where (Table 1).

alkyl chain length was varied, including alkane solubilifé3?
and the aggregation of alkylamines upon deproton&fof.

The position of the maximum of each peak in Figure62
and 8 can be accurately predicted using the following relation-
ship which is derived from eqgs 8 and 10 whi€n= 1:

1

L[ Na’]
[DNAP]) \K 0™

Similarly, the width of a peakdy) can be found from the
reverse derivative of eq 9 whdti= 1

1
ymax_é

7

4[Na"]
a[D NAP] tOt}(ﬂjﬂ)(l/ﬂﬂ‘1/2)

dy=1+ (18)

Gibbs free energies of the combined processes 1 and 2
including the electrostatic and hydrophobic contributions for
various ligands and experimental conditions, are summarize
in Tables 5.

Electrostatic and Hydrophobic Contributions to Enthalpy.

Enthalpies of processes 1 and 2 for various ligands also have

contributions arising from electrostatic and hydrophobic inter-

actions. However, the observed enthalpy was nearly independen

of the ligand aliphatic tail length making it difficult to dissect

contributions to the enthalpy arising from headgroup and

(27) McAuliffe, C. J. Phys. Chem1966 70, 1267-1275.

(28) Tanford, CThe Hydrophobic Effect: Formation of Micelles and Biological
MembranesJohn Wiley and Sons: New York, 1980.

(29) Matulis, D.; Bloomfield, V. A.Biophys. Chem2001, 93, 53—65.

(30) Matulis, D.Biophys. Chem2001, 93, 67—82.

(31) Matulis, D.; Bloomfield, V. A.Biophys. Chem2001, 93, 37—51.

The hydrophobic component of the binding enthalpy is
obtained by subtraction:

AppH = AH — AeIeJ—| (21)

Total, hydrophobic, and electrostatic entropies of processes
1 and 2 were calculated and presented in Tabtes dsing the
standard thermodynamics equation

TAS= AH — AG (22)

Dependence on Alkyl Chain Length As we see from Figure
2, binding of linear alkylammonium chlorides to DNA is
stronger-peaks are shifted to the leftvhen the alkyl chain of
the ligand is longer. Nonylammonium chloride was the shortest
alkylamine that bound to DNA at our experimental conditions.
Its binding peak is shifted significantly to the right as compared
'to ligands with longer alkyl chains. In other words, it took more

ddec:ylammonium than undecylammonium cation to displace

sodium and condense DNA. The longer the alkyl chain, the
stronger the binding and condensing capability of the ligand.
The curves in Figure 2 were fitted using the above-described
model by applying an additional constraint, namely, that each
?dditional methylene group increases the cooperativityy a
actor of 4.24 which was described above. Consistency of such
model with the experimental data indicates that each additional
methylene group increases the association constant by the same
value and the contribution to the Gibbs free energy is constant
(Table 1). It also indicates that the logarithm of the solubility

(32) Lide, D. R.CRC Handbook of Chemistry and Physi@&th ed.; CRC
Press: Boca Raton, 1994.
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Table 1. Thermodynamics of Linear Alkylammonium Binding to puC118 DNA with Sodium Displacement (eq 1) and Condensation of the
Alkylammonium—DNA Complex (eq 2) as a Function of Alkyl Chain Length?

ligand w K AG, kd/mol AngG, kdimol AH, kJ/mol AngH, k/mol TAS, kd/mol TApgS, kdimol AS, J/imol-K ApgS, JImol-K
Errors and Uncertainties of the Values

- +10% +10% +1 +1 +1.0 +2.0 +2 +3 +7 +10
Formulas Used To Fit Experimental Data or Calculate Values Below

- b [« (13) (15) d (21) (22) (22) (22) (22)

(0 47.2 132 -12.1 -9.55 6.0 5.0 18.1 14.6 60.7 48.8

Cio 200 560 -15.7 -13.1 6.44 5.44 22.1 18.6 74.3 62.4

Cu 848 2370 -19.3 -16.7 6.42 5.42 25.7 22.2 86.3 74.4

Ci2 3600 10100 -22.9 -20.3 5.40 4.40 28.3 24.8 94.9 83.0

Cis 15260 42700 -26.4 -23.9 5.65 4.65 32.1 28.5 107.5 95.6

aLigand structures are shown in Figure 7. Initial DNA concentration in the cell (as phosphate, [DNAP]) was 0.83 mM, NaCl concentration both
in the syringe and the cell was 10 1 mM, temperature was 2& 1 °C. Hydrophobic contributions were estimated as explained in the text. Electrostatic
contributions did not vary on alkyl chain length according to the model and were equaleiQG = —2.6 £ 1.0 kJ/mol,AgeH = 1.0 + 1.5 kJ/mol
(electrostatic contribution to the enthalpy, equal to 1/3 of the enthalpy of ammonium phosphate crystallization, also confirmedTiy 693, 3.6 + 2.5
kd/mol, andAeieS = 11.9 + 8 J/motK. Gibbs free energies and entropies are relative &1hv free ligand reference stateCooperativity parameter,
obtained by fitting experimental integrated ITC curves shown in Figure 2, using formulas 8, 9, @&nisséciation strength, similar in meaning to binding
constant, obtained by fitting experimental integrated ITC curves according to formulas 8%EdtBalpy of processes 1 and 2, equal to area under experimental

integrated ITC curves.

OH, kJ / mol added alkylammonium

y, mol alkylammonium added / mol DNA P

Figure 2. Integrated isothermal titration calorimetry curves (datapoints)
of alkylammonium with varying alkyl chain length binding to pUuC118 DNA
after the subtraction of ligand dilution heatsx )(tridecylammonium (&),

(O) dodecylammonium (), (M) undecylammonium (G), (&) decyl-
ammonium (Gy). Solid lines represent fitting with a single fitting parameter
(w) according to the model as explained in the text. All binding curves
were highly cooperative. Enthalpies of binding were endothermic, opposing
the binding. Alkylammonium cations with longer tails bound stronger than
the ones with shorter aliphatic tails.

of the DNA—Iipid complex is inversely proportional to the alkyl
chain length.

The enthalpy of binding and condensation was practically
independent of the alkyl chain length. The enthalpy varied from
+6.4 + 0.8 kJ/mol for decylammonium té-5.4 + 0.7 kJ/mol
for dodecylammonium interaction with DNA (Table 1). This
relatively small and positive enthalpy indicates that alkylamines
form a mobile and disordered coating on the surface of DNA.
If the lipids formed a solid aggregate, then the enthalpy would
be expected to be highly exothermic as was found upon
aggregation of alkylamines such as dodecylamfe.

The electrostatic component of the Gibbs free energy of lipid
binding to DNA is independent of alkyl chain length (Table 1).

10 mM

[NaCl]:

OH, kJ / mol added undecylammonium

y, mol undecylammonium added / mol DNA P

Figure 3. Integrated titration calorimetry curves (datapoints) of undecyl-
ammonium binding to pUC118 DNA at various sodium chloride concentra-
tion in the cell and syringe: ) 10 mM, @) 20 mM, and ®) 30 mM.

Solid lines represent fitting with a single fitting paramet€) &ccording to

the model as explained in the text. Increased NaCl concentration competed
with undecylammonium and shifted the peak to the right.

binding to DNA independently of the reference state or
experimental concentration. This value exactly matches the
series of alkane and alcohol solubilities and alkylamine ag-
gregation®°

The hydrophobic component of the entropy is positive and
nearly identical in its magnitude to the Gibbs free energy value
because the enthalpy contribution is nearly exactly zero.
Electrostatic component of the entropy was also positive and
constant. The reaction is driven entirely by entropy, and
increasingly by hydrophobic entropy with increasing alkyl chain
length, just as predicted from the hydrophobic effect.

Dependence on Salt ConcentratiorSodium competes with
alkylammonium for a cationic binding site on DNA. Therefore,
it is expected that doubling salt concentration would shift the
calorimetric binding peak toward the twice higher alkylammo-

The actual values depend on the reference state which we assigmium concentration. Figure 3 shows the calorimetric curves of

in a conventional wayata 1 Mconcentration of free (unbound)
lipid. However, each additional methylene group contributes
—3.58 kJ/mol of energy to the Gibbs free energy of alkylamine
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Table 2. Thermodynamics of Undecylammonium and Dodecylammonium Binding to pUC118 DNA as a Function of NaCl Concentration in
the Cell and the Syringe

[Nacl], AG, AcecG, AH, AcecH, TAS, TAelecS, AS, AciecS,
mM o K kd/mol kd/mol kd/mol kd/mol kd/mol kd/mol Jimol-K Jimol-K
Errors and Uncertainties of the Values
+1 +0.01 +10% +1 +1 +1.0 +1.5 +2 +2.5 +7 +8
Formulas Used To Fit Experimental Data or Calculate Values Below
- b c (13) (14) d e (22) (22) (22) (22)
Undecylammoniumt DNA
10 1.00 2370 —19.3 —2.6 6.4 1.0 25.7 3.6 86 12
20 1.00 1190 —-17.5 -0.8 7.0 1.6 24.5 2.4 82 8
30 1.00 791 —16.5 0.2 5.4 -0.1 21.9 -0.2 73 -1
Dodecylammoniumt DNA
10 1.00 10100 —22.9 —2.6 5.4 1.0 28.3 3.6 95 12
20 1.00 5040 —21.1 -0.8 4.7 0.3 25.8 1.1 87 4
30 1.00 3360 —20.1 0.2 4.2 -0.2 243 -0.4 81 -1
60 0.98 1700 —18.5 1.9 4.0 —-0.4 22.4 —2.3 75 -8
100 0.95 1100 —-17.3 3.0 54 1.0 22.7 —-2.0 76 -7
200 0.89 630 —16.0 4.3 4.0 -0.4 20.0 —-4.7 67 —16

aInitial DNA concentration in the cell (as phosphate, [DNAP]) was 043®.02 mM, temperature was 2k 1 °C. Electrostatic contributions were
estimated as explained in the text. Hydrophobic contributions did not vary on ionic strength according to the model and are as given in Tableeg. Gibbs fr
energies and entropies are relative te thM free ligand reference stateParameten, obtained by fitting integrated ITC curves shown in Figures 3 and
4, using formulas 8 and 91 deviates from unity only at NaCl oncentrations higher theB0 mM. ¢ Association strength, similar in meaning to binding
constant, obtained by fitting experimental integrated ITC curves according to formulas 8%EatBalpy of processes 1 and 2, equal to area under experimental
integrated ITC curves Electrostatic enthalpy obtained yeedH = AH — AngH under assumption thatn,H does not vary with salt concentration.

DNA phosphate concentration), therefore it can be neglected.
As expected, increase in the salt concentration shifted the peak
to the right. However, at 20 and 30 mM NacCl, the shape of the
binding peaks changed too, becoming broader, so that the model
curves fit the experimental data points rather poorly. We should
keep in mind though, that the discrepancy is not very large: it
is <1 kJ/mol which is approximately the uncertainty of our
measurements. Because of such uncertainty it is difficult to
elaborate further on the details of the titration peaks.

The overall enthalpy of dodecylammonium binding was
practically independent of salt concentration in the range ef 10
200 mM NaCl. Therefore, the decrease in association strength
upon increase in salt is fully due to the change in entropy of
binding (Table 2). The height of the peak decreased significantly
upon increasing the salt concentration, but the peak broadened =<
so the area under the peak remained practically unchanged at% :
higher salt. y, mol dodecylammonium added / mol DNA P

Under the assumption that only the electrostatic contributions o ] ]
are affected by variation of the salt concentration we see that 794r€ 4. Integrated titration calorimetry curves (datapoints) of dodecyl-

. . ammonium binding to pUC118 DNA at various NaCl concentration in the
the electrostatic enthalpy of undecylammonium and dodecy- ce| and syringe: ©) 10 mM, (&) 20 mM, () 60 mM, @) 200 mM. Solid
lammonium binding to DNA is scattered around zero and varied lines represent fitting with a two fitting parameteks gnda) according to
from —0.4 to+1.6 kJ/mol. This scatter is quite random and is the model as explained in the text. At high NaCl concentration (a_bo.v_e, about
approximately egual to the scatter and repeatapility of the data.5g|$!)ggeﬂisesdaige$§bﬁg tgke into account thas not equal to unity; its
The hydrophobic component of the enthalpy is slightly more
positive, consistent with small positive enthalpies for hydro-
phobic interactions. The difference between &d G, (+5.42 did not compete with alkylammonium cations as strongly as at
and+4.40) is not significant. low concentration of NaCl. Furthermore, the model predicts that

At high salt concentration, as predicted by the model, the o should approach 0.5 when the concentration of NaCl
parametei. needs to be smaller than unity in order to fit the approaches-1 M.
observed data. For example, at 10 and 20 mM NacCl the model There could be several possible explanations why the titration
nicely fits the experimentally measured heats of titration with peak is broadening at higher salt concentration in a different
dodecylammonium (Figure 4) when= 1.00. At 60 mM NaCl, fashion than predicted by the model. First, high salt may affect
o = 0.98 best predicts the position of the peak, but not the the hydrophobic interactions and not only the electrostatic
broadened shape of the peak. At 200 MM sodium chlaide interactions as shown by the model. Second, high salt reduces
0.89 best predicted the position of the peak. Without this solubility and may cause partial micellization of alkylammonium
adjustment, the peak would have occurred at about twice highercations even before their binding to DNA. Third, the scatter of
ligand concentration than was experimentally observed. In otherdata increases at higher salt concentrations, increasing the
words, at high NaCl (above 50 mM), additional sodium ions uncertainty of the experimental measurements.

J / mol added dodecylammonium
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Figure 5. Integrated titration calorimetry curves (datapoints) of dodecyl- Figure 6. Integrated titration calorimetry curves (datapoints) of dodecyl-
ammonium binding to pUC118 DNA at various DNA concentrations in ammonium binding to pUC118 DNA at various temperatures) 45 °C,

the cell by keeping DNA-ligand concentration ratio unaltereda)(0.67 (@) 37°C, and @) 50 °C. Solid lines represent fitting with a single fitting
mM, (O) 0.33 mM, and &) 0.17 mM expressed as DNA phosphate. Solid parameter ¢) according to the model as e)gpla_lned in the text. At_hlgher _
lines represent fitting with a single fitting paramet&) @ccording to the temperatures the enthalpy is decreasing yielding the heat capacity that is

model as explained in the text. At higher DNA concentration the peak is consistent with the hydrophobic interactions.
shifted to the left as predicted by the model.
condenses at the end of titration. Therefore, the binding Gibbs

Table 3. Thermodynamics of Dodecylammonium Binding to .
free energy depends on DNA concentration. However, only the

pUC118 DNA as a Function of Initial DNA Concentration in the

Cell (as Phosphate, [DNAP]) (ITC Curves shown in Figure 5)% electrostatic component of the Gibbs free energy and entropy
[DNAP], AG,  AwG, AH,  AgeH TAS, TAwS, AS,  AweS, depends on concentration. The hydrophobic component is
mM K kd/mol  kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol J/mol-K J/mol-K concentration-independent.

0.167 5040-21.1 —0.8 24 —20 236 —-11 79 —4 Dependence on Temperature: The Heat Capacityrigure

033 10100-229 —2.6 54 10 283 36 95 12 6 shows calorimetric titration curves of dodecylammonium
067 20100-246 -43 57 13 303 56 102 19 binding to DNA obtained at several temperatures. An integration
a[NaCl] was 10+ 1 mM both in the cell and the syringe, temperature  Of the area under such peaks yields the overall integral molar
was 25+ 1 °C. Electrostatic contributions were estimated as explained in enthalpy of processes 1 and 2 at various temperatures. As
the text. Hydrophobic contributions did not vary on DNA concentration expected from hydrophobic interactions, the enthalpy of binding

according to the model and are as given in Table 1. Gibbs free energies LT . .
and entropies are relative toethl M free ligand reference state. Errors and  d€creases with increasing temperature and changes sign at

uncertainties except for [DNAP] a£0.015 mM and the formulas used to  around 43°C, becoming exothermic. Experimental values of
estimate values are the same as in Tables 1 and 2. the enthalpy at four temperatures are listed in Table 4, spanning
the range of 25 to 58C. Linear fit of the enthalpies show
Dependence on DNA ConcentrationThe model predicts  essentially linear dependence of the enthalpy on temperature
that the position of the binding peak would be shifted upon \ith a discrepancy of less than 0.5 kd/mol. From the slope of
changing DNA concentration (eq 9). Therefore, the titration the enthalpy linear fit on temperature we obtain the constant
experiments were carried out at several DNA concentrations pressure heat capacityC, as —302 + 50 J/(motK).
(0.167, 0.333, and 0.667 mM phosphate), while keeping the  Gijpps free energy dependence on temperature was negligible
ratio of ligand: DNA concentrations unaltered. Concentrations (Table 4), varying from—22.9 to—22.1 kJ/mol at 25 and 50
of dodecylammonium chloride were respectively 2, 4, and 8 °c respectively. This difference is so small that an attempt to
mM in the syringe. derive enthalpy, entropy, and heat capacity as temperature
As expected, the results strongly depended on DNA concen- gerivatives of Gibbs free energy would yield nearly meaningless
tration. At the lowest DNA concentration (0.167 mM DNA  yegyits. This uncertainty of van't Hoff method is similar for
phosphate), the binding peak was significantly smaller than at many hydrophobic interactior#& because Gibbs free energy is
higher concentrations (Figure 5). Experimental enthalpies were gften nearly temperature-independent. Large enthalpy variation
respectively 2.4 1.2, 5.4+ 0.8, and 5.7 0.7 kd/mol (Table  jth temperature is compensated by the hydrophobic component
3). These results demonstrate how important it is to repeat ¢ entropy (Table 4).
experiments at several DNA concentrations. Decreasing DNA  However, it is possible to estimate electrostatic and hydro-
concentration below 0.33 mM yields enthalpy that is not fully  yhopic contributions to the enthalpy at various temperatures by
evolved. However, increasing the concentration above 0.33 mM applying additivity. The heat capacity of ammonium phosphate
does not significantly change the enthalpy. Therefore, other ¢ystallization is about-476 = 80 J/motK (our estimate from
experiments were carried out at 0.33 mM concentration. 32 and 33). Under the assumption that this heat capacity is
When binding energetics depends on reactant concentrationjngependent of temperature we calculate the electrostatic
one should look for an aggregation reactfdrDNA—lipid
interaction is exactly such case where DNWpid complex (33) Yaws, C. L.Chemical PropertiesMcGraw-Hill: New York, 1999.
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Table 4. Thermodynamics of Dodecylammonium Binding to pUC118 DNA as a Function of Temperature (ITC curves shown in Figure 6)@

AG, AcecG, AngG, AH, AciecH, AngH, AS, AerecS, AngS,
temp, °C w K kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol Jimol-K Jimol-K Jimol-K
25 3600 10100 —-22.9 —-2.6 —-20.3 5.4 1.0 4.4 95 12 83
37 3000 8400 —-22.4 3.2 —25.6 2.1 6.7 —4.6 79 12 68
50 2700 7600 —-22.1 9.4 —-315 —-2.5 12.9 —15.4 61 11 50
58 ~2500 ~6900 ~—21.9 ~13.2 ~—35.1 —-4.3 ~16.7 ~—21.0 ~53 ~11 ~42

a Sodium chloride concentration [NaCl] was 301 mM both in the cell and the syringe, DNA concentration (as phosphate [DNAP]) wast003315
mM. Electrostatic and hydrophobic contributions were estimated as explained in the text. Gibbs free energies and entropies are elthtiéraetligand

reference state. Errors and uncertainties and the formulas used to estimate values are as in Tables 1 and 2.
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Figure 7. Chemical structures of ligands used in this study. First column shows single-tailed ligands, second column shows double-tailed ligands, and
triple- and quadruple-tailed ligands on the right. Ligands that are above the upper dashed line did not produce any heat upon mixing with DNg\, indicati
that no binding occurred to a significant extent. Ligands that are shown below the lower dashed line were too insoluble or formed aggregates in water

preventing accurate determination of their energetics of binding to DNA.

contribution of the enthalpy to increase from 1.0 kJ/mol at 25 (less than 1 kJ/mol) or there was no binding at all. The lower
°C to about 16.7 kJ/mol at 58C. By subtraction, the line approximately separates ligands that could not be brought
hydrophobic enthalpy must be decreasing to an even greaterinto true aqueous solution to reach-2 mM concentration
extent yielding the heat capacity 6f302 — 476 = —778 + without forming micelles or aggregates. As we see, there were
130. This value is very close to the predicted value of the heat no three- or four-tailed ligands for which binding data could
capacity of dodecane aggregation which is equal-#95 + be obtained. However, we obtained reliable and reproducible
30 J/motK.2° Therefore, the overall energetics appears to be data for several single-tailed methylated ligands and several

self-consistent. However, application of the ammonium phos- double-tailed methylated and nonmethylated ligands.
Figure 8 shows experimental titration calorimetry data and

phate heat capacity of crystallization to the process of alkyl-
lines generated according to the above-described model with

ammonium-DNA binding is only approximately correct. The
numbers obtained by such additivity should be treated with the single fitting parametes. Parameters that were used to
generate lines are shown in Table 5. The tails of dodecyltri-

caution.
Binding of Multi-tailed Ligands. Chemical structures of  methylammonium (&(Ci)s) and dodecylammonium ()
various ligands used in this study are shown in Figure 7. In ligands are the same length; therefore, we use the same

addition to single-tailed ligands, we also investigated binding cooperativity parametes (3600) to fit data for methylated

of two-, three-, and four-tailed amines to DNA. Some data could ligand as obtained above for nonmethylated ligand). The
be obtained using such ligands. However, many ligands were parameter that is adjusted here is the specificity cond€gnt

too insoluble in water to obtain titration calorimetry data. described in eq 11, because it is expected that the methylated
Furthermore, titration of DNA with ligands that have short headgroup would have a different competition parameter than
aliphatic tails often did not produce any heat because there wasthe nonmethylated ammonium headgroup. For dodecylammo-
no significant binding. The upper line in Figure 7 separates nium cation,Ks, was found to be about 0.028. For trimethyl
ligands for which the observed heat of binding was negligible dodecylammonium catiors, was significantly smaller, about
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Table 5. Thermodynamics of Various Methylated and Doubly Tailed Ligand (Structures Shown in Figure 7, ITC Curves Shown in Figure 8)
Binding to pUC118 DNA&

AG, AeiecG, ApgG, AH, AegiecH, ApgH, AS, AeiecS, ApgS,
ligand ) K kd/mol kd/mol kd/mol kd/mol kJ/mol kd/mol Jimol-K Jimol-K Jimol-K
Ci2Ch)3 3600 1200 -17.6 2.7 -20.3 5 0.6 4.4 76 -7 83
(Co)2 65 11400 —23.2 —12.8 —-10.3 19 ~5 ~14 142 60 82
(C10)2(C1)2 5000 26000 —25.2 —4.1 —21.1 9.5 ~1 ~8 116 19 97
(C1ACr)z - - - - - 4 ~1 ~3 - - -

a Sodium chloride concentration was 301 mM for Ci5(C1)3, 0.16 mM for (G)2, 0.66 mM for (Go)2(C1)2, and 0.16 mM for (G)2(Ca)2 both in the cell

and the syringe because the ligand started to aggregate in the syringe at higher NaCl concentrations. DNA concentration (as phosphate [DN#P]) was 0.3
+ 0.015 mM except for &(Cy)3 where it was 0.50 mM. Electrostatic and hydrophobic contributions were estimated as explained in the text. Gibbs free
energies and entropies are relative te thM free ligand reference state. Errors and uncertainties and the formulas used to estimate values are the same as

in Tables 1 and 2.

20 occur highly cooperatively. It is hard to get the first alkyl-
ammonium cation to displace sodium cation because their
specificity competition constant is equal to about 0.028. After
binding the first cation, it is relatively easy to complete the
formation of the complex. To a reasonable approximation, these
two reactions can be considered as making additive electrostatic
and hydrophobic contributions to the overall Gibbs free energies,
entropies, enthalpies, and heat capacities.

Structural Considerations. We would like to interpret our
results in terms of a structural model of the DNalkyl-
ammonium complex. There are at least three distinct modes by
which lipid cations may bind to DNA. In the first model, cationic
headgroups would be localized within several A from DNA
phosphates, while hydrophobic tails would lay down on the
T T T DNA surface. Another model would suggest that ligand cationic
0 1 2 3 4 headgroups are near DNA phosphates while the aliphatic tails

y, mol added ligand / mol DNA P stand perpendicular to DNA surface. The third modslggests

| § tirai o " ints) of vari that cationic lipids form large micelles, consisting of about 100
Figure 8. ntegrated titration calorimetry curves (datapoints) of various Ho H H H 4 :
ligand binding to pUC118 DNA: @) dioctylammonium (@), (a) lipid molecules, that are bound to DNA with significant portions

didecyldimethylammonium ((§5)2(C1)2), and @) dodecyltrimethylammo- of DNA not quered by Iipi_d. In analyzing our results we favor
nium (Gi2(Cy)s). Solid lines represent fitting with a single fitting parameter  the first and disfavor the third model. However, energetic means

(Ksp or w) according to the model as explained in the text. Double-tailed g|gne may not be sufficient to unambiguously determine the
ligands also bound to DNA in a highly cooperative fashion but significantly mode of binding

more positive enthalpy than single-tailed ligands. Didecyldimethylammo-
nium was partially aggregated in the syringe before injection. Because the heat capacity decrease during binding and

condensation is so similar to the predicted heat capacity decrease
0.0034. This indicates that tetramethylammonium is a signifi- of aggregating dodecane, one might suggest that the entire
cantly poorer DNA binder than ammonium cation. Comparing aliphatic chain of ligands such as dodecylammonium has to be
energetic contributions of QC;); and G, we see that completely removed from contact with water. To achieve this,
hydrophobic components of the energetics are essentially thealiphatic chains may have to lay down on the DNA surface,
same. However, the electrostatic component of methylated displacing all or most water molecules from the DNA hydration
ligand binding is less favorable, consistent with experimental layer. The exposed side of the bound lipid molecules then binds
results. to lipid molecules similarly layered on the adjacent DNA helix.

Comparing double-tailed with single-tailed ligand binding  Geometric considerations are consistent with this picture. The
energetics (Table 5), we see that the additional tail only slightly pNA diameter is equal to about 20 A and phosphate charges
increases the cooperativity parameter. This increase is equal toare distributed every 1.7 A along the DNA length. Therefore,
the contribution of only about two to three methylene groups. there is about 107 Asurface area of DNA per one negative
The remaining part of the adjacent aliphatic chain is essentially charge. The dodecylammonium cation has a length of about
bound to the first aliphatic chain, and little additional energy is 19.5 A and a width of about 4.7 A including van der Waals
gained upon binding to DNA. radii. Thus, a bound dodecylammonium cation laying on its side
may cover an area of about 9G.ATherefore, a neutralizing
amount of ligands could cover nearly the entire DNA surface

There are two steps or reactions that can be envisioned toarea if laying on their sides. An advantage of this model is that
occur during cationic lipid binding to DNA. First, a single lipid it explains how an entire lipid chain could be removed from
molecule binds to DNA. Second, a stoichiometric number of contact with water. A disadvantage of this model is that aliphatic
alkylammonium cations (equal to the number of DNA phos- hydrophobic lipid tails have to bind to a relatively hydrophilic
phates) bind to DNA, and electrically neutral DNApid DNA surface.
complexes condense (aggregate and precipitate). This distinction
between two types of reactions is arbitrary because all reactions(34) Buckin, V.Progr. Colloid Polym. Sci1998 110, 214-219.

SH, kJ/mol added ligand

Discussion
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In the second structural model, lipid tails are oriented encies of electrostatic and hydrophobic enthalpies on temper-
perpendicularly to DNA and intercalated with tails from lipids ature, which depend on the value of the heat capacity of
bound to adjacent DNA helices. Two lipid molecules standing ammonium phosphate crystallization, may be subject to some
perpendicularly to DNA can occupy an area of only about 35 uncertainty. Extension of enthalpy values obtained for inorganic
A2 (4.7/128x & x 2 = 34.7 ). This area is only about one- compounds to macromolecules is promising to help understand
third of the area needed to be filled with lipid. Therefore, lipids energetic contributions of specific parts of interactions. However,
would have to cluster on the surface on DNA and must leave it is necessary to clearly state which values are obtained by such
about two-thirds of the space filled with water. This scenario procedure and to use such results with caution.
introduces a lot of water next to lipid tails, which seems unlikely.  Little reliable data was obtained to characterize double-tailed
The advantage of this model, however, is that lipid tails would ligand binding to DNA. Most of the commercially available
be bound to each other and not to the hydrophilic DNA surface. multi-tailed ligands shown in Figure 7 were either too weak

In the third model, suggested by ultrasonic velocity and DNA binders or too insoluble in water. Dioctylammonium and
density measurement$,ligands such as dodecyltrimethyl-  didecyldimethylammonium cations were the only ones that were
ammonium bind to DNA by forming large micellelike clusters sufficiently soluble and produced titration curves as expected.
on the DNA surface. Such large micelles would have much Interestingly, the enthalpy of their binding to DNA was
greater positive charge than needed to neutralize DNA, leaving significantly more endothermic than for single-tailed ligands.
large spans of DNA completely uncovered by lipid. Therefore, This increase was assumed to be due to the increase in
the third model is difficult to understand from the electrostatic hydrophobic contribution to the enthalpy. However, without a
interaction point of view, which suggests that lipid headgroups sufficiently large variety of ligands, such dissection is rather
should come as closely as possible to negatively chargedarbitrary. Didodecyldimethylammonium ligand formed a stable
phosphates. suspension in water. We assume that this lipidlike cation may

It was also observed by other researchers (personal com-form a membranelike structure at our experimental concentra-
munication with C. H. Spink) that ligands such as tetradecyl- tion. The heat of dilution of this ligand was large and could be
trimethylammonium prefer binding to AT base pairs over GC assigned to a partial breakup of membranelike structure.
base pairs about 2.5-fold. This observation suggested that theHowever, the parameters for this ligand have significant
methylated headgroup of the ligand is bound to the methyl group uncertainty and only enthalpy values are shown in Table 5. The
of the thymine base in the major grove of DNA helix by data are likely to represent the process of membranelike complex
hydrophobic interaction. This preference, however, should be binding to DNA instead of the binding of single lipid mole-
valid only for methylated ammonium ligands, a point that cules.
remains to be experimentally tested. In our study we did not  Gibbs free energies and cooperativity parameters are quite
study the effect of DNA base composition on alkylammonium accurately determined by the fit of experimental data. In most
binding. cases, alteration of the value by 10% yielded significantly poorer

It may not be possible to distinguish between all these fits. We estimate that the precision is abat#%. However,
structural models by energetic means alone. Structural studiesthere is an additional paramet&, a single value of which is
on DNA-—dodecylammonium aggregate are necessary. For gbtained from fitting all data of linear alkylammonium cations.
example, neutron diffraction studies could provide the distance This value was found to be equal to 0.028. If we assume that
between the DNA double helices in the complex and the the value oKspshould be that of the exchange of the ammonium
distribution of lipid relative to DNA constituents. headgroup with sodium, then this value is inconsistent with the

Energetic Considerations.Despite the uncertainties about Jiterature value of 2 for ammoniufsodium exchang® It is
the structure of the DNAlipid complex, the energetics and  much closer to the value 0f0.05 for tetrabutylammoniumm
the mathematical model of interactions appear to be self- sodium exchange. A better model for the exchange reaction
consistent. Experimental ITC curves are nicely accounted for might be methylammoniumsodium, but data for this process
by the simulated curves. The discrepancy between the data ands not available. Major upward adjustment k§, resulted in
the model can partly be explained by errors of reproducibility. significantly poorer representation of experimental data.
However, many titration curves showed systematic deviations  Entropies are obtained by subtraction of Gibbs free energies
from the model. For example, in Figure 3, we clearly see a from enthalpies. Therefore, errors and uncertaintiea®fand
shoulder of the peaks on the left side. It indicates that the binding AH add to the uncertainties &S, making them the least
reaction started earlier than predicted by the model, to an extentaccyrately determined thermodynamic parameters. Furthermore,
dependent on salt. When NaCl concentration exceeded abouigjpps free energy and entropy values depend on the progression
50 mM, the model gave much higher peaks than observed of reaction and are meaningless without a reference point. We
experimentally suggesting that the cooperativity of interaction chose the reference concentration of free ligand to be 1 M. Such
was lower than predicted by the model at high salt concentration. concentration is never reached in our experiments, but it is

Results shown in Tables-b are not of equal reliability. For  conventional and convenient. Because of the arbitrary reference
example, values of integral enthali\H are directly observed  point, it provides more insight to use Gibbs free energy and
and independent of any assumptions in the model. Precision ofentropy increments for various chemical groups (e.g.2)CH
the enthalpy depends only on the accuracy of experimental\yhich are independent of concentration chosen, rather than

measurement. However, electrostatic and hydrophobic contribu-actualAG and TASvalues shown in Tables-35 which depend
tions to the enthalpy are obtained by applying additivity gn the reference chosen.

principles® with all their underlying assumptions. The depend-

(36) Paulsen, M. D.; Anderson, C. F.; Record, M. T.RBlopolymersl988 27,
(35) Dill, K. A. J. Biol. Chem.1997, 272, 701—704. 1249-1265.
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For example Aele G Was independent of alkyl chain length, feature in commorpositively charged ammonium groups. This
andAnpsG was the only contributor tAG. AeleG/CH; was equal may indicate that all such ligands bind in a fashion similar to
to zero andAn,G/CH; was equal toAG/CH,, —3.58 kJ/mol that of DNA. We know from cystallographic studies that
(= RTInAw, see eq 16). This value appears to be the signature hydrogen bonds are formed between DNA phosphates and
of the methylene group in various hydrophobic reactions, ammonium groups of arginine and lysine side chains of proteins
including but not limited to linear aliphatic compound solubility in proteir—DNA complexes. Similar energetics of binding
in water2® aggregation from aqueous solutiotisipid binding supports a notion that alkylammonium cations also bind to DNA
to DNA (this article), and surfactant binding to protefighis by forming weak hydrogen bonds.
value, however, appears to be inconsistent with surface tension .

. . - Conclusions
measurement® There is also a constant increment in entropy
upon increasing aliphatic chain length, equabtd2 J/motK. 1. Cationic alkylammonium ligands displace Naations,

The enthalpy was found to oppose lipiDNA binding, which bind to DNA, and condense the lipidNA complex.
occurred only due to even greater positive entropy. This entropy 2. Ligands with longer aliphatic chains bind to DNA stronger
is primarily due to the entropy increase accompanying hydro- than short ones, mostly due to highly positive hydrophobic
phobic interactions. However, sodium counterion release may entropy. Relatively small endothermic enthalpy opposes the
have also contributed to the positive change in entropy as binding reaction.
discussed by other authd®We believe that the lipid layer 3. At high salt concentration the binding is weaker than at
around DNA remains in a liquidlike phase and that van der low salt due to less favorable electrostatic entropy. Enthalpic
Waals contact energies are weak. If the layer were in a solid contribution is not affected by high salt.
phase, we would expect to observe a large exothermic enthalpy 4. At higher temperature the binding is slightly weaker, due
of binding as was observed when the same lipids aggregatedto less favorable electrostatic and hydrophobic entropies and
from aqueous solution into a pure lipid of the solid ph#se. electrostatic enthalpy, despite favorable hydrophobic enthalpy.

Relatively small endothermic enthalpy was observed when 5. Trimethylalkylammonium ligands bind weaker to DNA
studying binding of various cationic ligands to DNA, including than alkylammonium ligands. Double-tailed ligands are only
cobalt hexamminé? cationic alkylamine$, (this article), and slightly stronger DNA binders than single-tailed ligands.

roteins3® All of these cationic ligands have one structural
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