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Abstract

A better understanding of the nature of the interaction between various cationic lipids used for gene delivery and
DNA would lend insight into their structural and physical properties that may modulate their efficacy. We therefore
separated the protonation and binding events which occur upon complexation of 1:1 DCT2Hioleoyl-3-
trimethylammonium propanedOPE (1,2-dioleoylphosphatidylethanolaminkposomes to DNA using proton linkage
theory and isothermal titration calorimettyTC). The enthalpy of DOPE protonation was estimated-at5.0+ 0.7
kJ/mol and the intrinsic binding enthalpy of lipid to DNA as2.84+0.3 k¥mol. The K, of DOPE was calculated
to shift from 7.7+0.1 in the free state to 8480.1 in the complex. At physiological ionic strength, proton linkage
was not observed upon complex formation and the buffer-independent binding enthalpy iM@$ 0.4 kJymol.

These studies indicate that the intrinsic interaction between 1:1 D@DAIPE and DNA is an entropy-driven process
and that the affinities of cationic lipids that are formulated with and without DOPE for DNA are controlled by the
positive entropic changes that occur upon complex formation.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction the interaction between DNA and various cationic
lipids that are currently used to facilitate gene
During the past decade, isothermal titration cal- delivery [4—8§]. This interaction is thought to be
orimetry (ITC) has been established as a direct primarily electrostatic in origin and driven by an
method with which to characterize the energetics increase in entropy as a consequence of the release
of biological associations including protein—pro- of bound counter-ions from the surface of both
tein, protei_n_—DNA and protein—lipid interactiqns components upon complexatiof7,8]. Although
[1-3. Additionally, ITC can be used to examine cafignic lipids are promising agents for therapeutic
" *Corresponding author. Tel+ 1.785-864-5613; fax-+1-  Jcne delivery, their efficiency has yet to be corre-
785-864-5814. lated with structural or physical measurements of
E-mail address: middaugh@ku.ed(¢C.R. Middaugh. the DNA complexed9,10. ITC, however, has the
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potential to determine if there might exist a ther-
modynamic basis for the relative effectiveness of
gene delivery that is observed among various
cationic lipids and their enhanced efficacy when
mixed with neutral helper lipids such as DOPE
[11]. Previous ITC studies have detected slight
differences in the enthalpy of binding between
several cationic lipid mixtures and DNA which
may reflect the phase state of the lipid and the
method of complex formatioflipid added to DNA
vs. DNA added to lipid [6—8]. These enthalpies
of binding of quaternary ammonium lipids to DNA
were all endothermic, implying an entropy-driven
interaction. These findings, in combination with
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Scheme 1. Thermodynamic square of binding and protonation
of DOTAP/DOPE (1:1)(w/w) liposomes to plasmid DNA.

The deprotonated and protonated forms of lipid are indicated
as L and LH" , respectively, DNA asD and the buffer species

an observed decrease in the amount of lipid bound as B and BH . Also indicated are the protonation constants of

to DNA with increasing ionic strengtki7] are the
primary evidence for an electrostatic mechanism
of binding between cationic liposomes and DNA.

Our initial calorimetric investigation of cationic
lipid/DNA interactions(the results of which have
been reproduced by othefg]) detected the pro-
tonation of DOPE upon binding of cationic lipid
DOPE liposomes to DNA and an exothermic
enthalpy of binding at 25.0C, ionic strength(l) =
0.01 and pH 7.4Q[7]. This proton linkage was
detected calorimetrically by performing titrations
of lipid mixtures into plasmid DNA in the presence
of buffers of varying ionization enthalp§A Hio"'?).

the lipid in the free(K},) and complexedk¢) states and the
binding constants of lipid to DNA in the deprotonaté€i,)
and protonatedK,) states. The enthalpy of binding of depro-
tonated lipid to DNA is defined adH;, and of protonated
lipid to DNA as AH,. AH, is the enthalpy of protonation of
DOPE in the free state ankiH; the enthalpy of protonation of
DOPE in the complexd(AH,) is the difference between these
two protonation enthalpies.

the thermodynamics of complexation are consid-
erably different between lipid mixtures that contain
DOPE and those that do not. A further thermody-
namic analysis of the interaction of DOPE-contain-
ing liposomes with DNA is presented in this report

These studies revealed that a systematic variationusing proton linkage theory to separate the ther-

of binding enthalpy with buffer ionization enthalpy
was observed only upon titration of DOTAP
DOPE 1:1 or DDAB/DOPE 1:1 liposomes into
DNA and not upon binding of either cationic lipid
alone to DNA. This finding supported the exis-
tence of proton linkage with DOPE-containing
lipid mixtures and a net uptake of protons into the
complex upon binding. Furthermore, this proton-
linked binding event was abolished when DOPE
was replaced by DOPC, in which the primary
amine group of DOPE is replaced with a quater-
nary ammonium group. This suggests that proton
linkage does, in fact, result from the protonation
of the amine group of PE. This protonation event
was qualitatively explained to be a result of an
increase in the K, of the amine moiety of DOPE
due to changes in surface charge amdhydration

at the lipid interface during binding to DNAL2].
This finding is provocative in that it suggests that

modynamics of protonation and binding.

Binding linkage theory attempts to define math-
ematically the effect of one ligand on the binding
of another to the same receptor molec[d8,14.
Proton linkage theory addresses the specific case
where the hydronium ion acts as a ligand and can
protonate either the receptor or other ligand mol-
eculeg[15—19. The relative amounts of protonated
and deprotonated species are dependent upon pH
and each of these species has a different binding
affinity for the remaining ligandreceptor mole-
cules. As a result, the individual binding and
protonation events are linked through their depend-
ence on pH.

A suitable method to describe the pH depend-
ence of these processes is to construct a thermo-
dynamic square, as shown in Scheme 1. In this
schematic, the binding processes are shown as the
horizontal sides of the square and the protonation
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events as the vertical sides. The protonated andin Scheme 1, the enthalpies of interactiQhH;,,

deprotonated states of the ligatighid) are defined
as LH* and L, respectively, the receptddNA)

by D~ and the buffer species as B and BH . The
principle of a thermodynamic square implies that

and AH,) can be directly obtained from an ITC
experiment. These enthalpy values can then be
used with the estimated affinity constarfs; and

K,) and the expressiodG=—RT In K=AH—

a process defined by any two adjacent sides of the TAS to obtain all of the relevant thermodynamic
square is equivalent to a process defined by the parameters(AG, AH, AS) that characterize the
remaining two sides. Therefore, each binding equi- individual binding and protonation events.

libria is coupled to an adjacent protonation event,
such that the product of; and K is equivalent
to the product ofk, and K}, As a result, the ratio
of binding affinities (K,/K,) is equivalent to the
ratio of protonation constant6k5/K%). At high
pH values the dominant equilibria is the upper
horizontal binding proces&\H,,.) and at very low
pH the lower binding equilibria will be dominant.
Therefore, the apparent affinity constant will shift
from the intrinsic affinity constank, at high pH
to K, at low pH values. It is also apparent from
the schematic that proton linkage will only be
significant at pH values near the free and com-
plexed [K.,s (10%P" and 10%° , respectivelyof
the ionizing group. The protonation change will
be minimal at either extreme of pH, with a maxi-
mum value at a pH value midway between the
free and bound Ka’s of the ionizing group.

Proton linkage theory permits the binding and

Although most proton linkage studies have
investigated interactions between proteins and
ligands that bind to specific sites on proteins
[15,17-19, the non-specific electrostatic interac-
tion between cationic lipids and DNA is also
suitable for analysis by proton linkage theory. This
theoretical treatment of the binding enthalpy effec-
tively uncouples the processes of binding and
protonation and allows a more mechanistic com-
parison between transfection lipids in their inter-
action with plasmid DNA.

2. Methods and materials
2.1. Materials
Purified supercoiled plasmid DNA pMB296.1

kbp) was provided by Valentis, IndBurlingame,
CA) containing less than 5% of nicked and open-

protonation events to be separated by fitting the Circular forms. DOTAPDOPE 1:1 ww (Trans-
pH dependence of the protonation change or the fection Reagent )l solution in chloroform was

observed binding affinity to appropriate model

g oObtained from Avanti Polar LipidséAlabaster, AD

[15-19. The expressions for the pH-dependence and used without further purification. All buffer

of the protonation changén) and the observed
affinity constant(K,,o of a single binding-linked
protonation event are presented belth%,19:

10(PKae) —pH

1QPKH —pH
)
1+10PKO PR 14 10PKD—pH
1+ 10K —pH
Kops=K {W} 2

In these equations, K} and X< are the |K.s
of the ionizing group in the free and complexed
states and, is the intrinsic affinity constant for

componentgacetate, piperazine, MES, cacodylate,
BES, EDA, PIPES, EDA, ACES, imidazole,
HEPES, TEA and TRIBand NaCl were obtained
from Sigma-Aldrich (St. Louis, MO. Milli-Q
purified water was used in all solutions.

2.2. Methods

2.2.1. DNA preparation

Purified DNA solutions(approx. 8 ml of 200
mg/ml solution9 were dialyzed against 4.0 liters
of buffer at 5.0°C for 12 hours using a Pierce 10
K molecular weight cut-off dialysis cassette. DNA

the interaction. The previously described variations solutions post-dialysis were diluted to 100 fngl

in the apparent affinity constant and protonation in dialysate buffer. DNA concentration was deter-
change with pH are also apparent from these mined using UV-visible spectrophotometry with a
equations. Returning to the thermodynamic square Hewlett—Packard spectrophotometer employing an
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extinction coefficient of 0.02 AU ml cm* mgt . mM cationic lipid into 1.41 mi(full cell) of 0.31
An average molecular weight of 324.5/mol mM DNA until complex aggregation occurred and
PO, was used for DNA concentration calculations. a loss of binding heat was observed, with 5 min
DNA solutions were stored at 8C and used on  between injectiong7]. Previous ITC experiments

the day of preparation. performed at higher ionic strength have shown a
reduction in the amount of lipid per injection that
2.2.2. Liposome preparation binds to DNA at higher ionic strengtfv]. There-

Stock solutions of lipids in chloroform were fore, to obtain the enthalpy of all injected lipid
added to tared 5 ml vials, dried to a film using binding to DNA at 0.150 ionic strength, lipid and
N, gas and desiccated overnight under vacuum. DNA concentrations were increased to 7.44 mM
The amount of lipid present was determined grav- and 1.23 mM, respectively. Heats obtained from
imetrically and an appropriate volume of buffer blank titrations of lipid into buffer were subtracted
was added to achieve a concentration of 3.72 mM from each binding titration to obtain net binding
cationic lipid. The resulting preparation was vor- heats which were normalized to the molar amount
texed for 1 min and allowed to hydrate at room of cationic lipid added per injection, resulting in a
temperature for 30 min. Liposomes were extruded net enthalpy per injection. The average enthalpy
11 times using an Avanti Mini-extrudefAvanti per injection up to a 0.8 charge rati@ationic
Polar Lipids, Alabaster, AL and a 100 nm poly- lipid to DNA phosphatg was used to calculate the
carbonate membrane at room temperature to pro-observed enthalpy of binding of lipid to DNA
duce large unilamellar vesicles(SUV) of (AH o).
approximately 108-5 nm in diameter as deter-
mined by dynamic light scatterinfy]. Liposome 2.2.5. pH titrations
suspensions were used on the day of preparation. HCI titrations of lipid preparations were per-

formed using the same pH instrumentation and
2.2.3. pH adjustment of solutions temperature control apparatus used for lipid and

Liposome, buffer and DNA solutions used for DNA solution pH adjustment for ITGsee above
ITC were adjusted to the desired piH0.02 pH at a temperature of 25400.1 °C. Titrations con-
unit) at the experimental temperature of 25.0.1 sisted of 30wl additions of 0.010 M HCl in 0.010
°C. pH measurements were made using a Mettler M NaCl (spaced 15 min apartinto 4 ml of
Toledo MP220 pH metef0.01 pH unit sensitivity DOTAP/DOPE 1:1 ww liposomes(0.4 mg/ml
and an accuTpH electrodenodel #13-620-180. total lipid) prepared in 10 mM NaCl. The pH of

A 2 point electrode calibration was usé€pH 4, 7 liposome solutions was adjusted t68.9 with
or 10 standards Temperature control was obtained concentrated NaOH until stable at this pH for 30
using a 20 ml Karl Fischer titration celBrink- min before the start of the titration. Titration curves

mann Instruments, Westbury, NYtonnected to a  represent the meanstandard error of the mean
recirculating water bath. Water bath temperature (S.E.M) of three acid titrations. The inverse sec-
was adjusted to provide a sample temperature of ond derivative of the titration curve was used to
25.0+0.1 °C. Temperature measurements were determine the buffer capacity of the syst¢ad].
made using a digital thermometefFisher The buffer capacity data from three measurements

Scientific). were combined and the maximum buffer capacity
(pK,) was estimated from the center of an asym-
2.24. ITC metrical double sigmoidal function, a model that

All calorimetric titrations were performed with  provided the best fit to the data.
a CSC Model 4200 isothermal titration calorimeter
(Calorimetry Sciences Corporation, American 3. Results
Fork, UT) at 25.0°C. Calibration of the instrument
and data analysis were previously descrij@t To further investigate the energetics of binding
Titrations consisted of 1Qul injections of 3.72 and protonation and the magnitude of th&, ghift
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Fig. 1. Observed enthalpy of binding\H,,,) determined by ITC vs. buffer ionization enthalpH"?) at various pH values of
DOTAP/DOPE (1:1 w/w) liposomes(3.7 mM cationic lipid titrated into plasmid DNA(0.31 mM) at 25.0°C and/=0.010. The
pH of each data set is indicated in the figure.

of DOPE upon complex formation in DOTAP  up to pH 8.5. Gross aggregation was observed at
DOPE 1:¥DNA complexes, ITC titrations of  higher pH valuegnot illustrated.

DOTAP/DOPE 1:1(w/w) liposomes into plasmid According to proton linkage theorfyL6], binding
DNA were performed at constant ionic strength titrations should display a linear relationship
(0.010 and temperatur€25.0 °C) within the pH  betweenAH,,, and AH'2"2 The slope of this line
range of 6.5-8.5 and in the presence of buffers of reflects the degree of protonation of the ligamd
varying ionization enthalpf(AHR"?). The upper  while they-intercept represents the buffer-corrected

range of pH investigation was limited to 8.5 due enthalpy of binding(AH,), as shown in Eq(3)
to the onset of colloidal instability of liposome pajow:

preparations above this pH. The deprotonation of

the amine group of DOPE at higher pH values AH.,.=AH ,+n AH'Q"2 3
reduces the cationic surface charge of the liposome

mixture and the electrostatic repulsion between As displayed in Fig. 1, ITC titrations of
liposomes leading to extensive aggregation. The DOTAP/DOPE 1:1 liposomes into plasmid DNA
upper limit of liposome stability was determined Within the pH range of 6.5-8.5 produced linear
using dynamic light scattering and zeta potential relationships betweedH,,, and AH'S"* at each
measurements of DOTAPOPE 1:1 liposomes as pH. The slope of each best-fit line to the d&ta

a function of pH. These measurements revealed awas greater with increasing pH up to pH 8.0 and
gradual reduction in liposome zeta potential with then decreased above this pH. The variation of n
increasing pH, but only a slight increase in lipo- with pH theoretically permits the determination of
some hydrodynamic size and scattering intensity the pK,/s of DOPE in the free and bound states,
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Fig. 2. The pH dependency of the degree of DOPE protondiionobtained from ITC titrations of DOTAFDOPE (1:1 w/w)
liposomes into DNA. The line represents the best fit of the data to a single ionizing group protonation(Eepdé) in the texd

using non-linear least squares fitting.

employing the following equation for a single
ionizing species:

Kiay:

f_ Kl%aH+ _
1+Kjan:

 1+KSay.

n=H°— 4)
where H® is the protonated fraction of DOPE in
the complex, H is the protonated fraction of
DOPE in the free liposomeky is the proton
binding constant for DOPE in the complex
(10°%=), Kf, is the proton binding constant for
DOPE in the free liposom€&L(*<) anda,,. is the
activity of the hydronium ions, approximated here
as the hydronium ion concentration. The pH-
dependence ofi for a single ionizing species
should ideally be described by a bell-shaped curve.
This results from the fact that the maximum degree
of protonation occurs midway between the two
pK.'s [16].

Fig. 2 presents the pH dependence roffor
titrations of DOTAP'DOPE 1:1 liposomes into
DNA and a best fit of Eq(4) to the data by non-
linear least squares analysis. The model fit to the

with the x-axis in pH units(a linear scalginstead

of the hydronium ion concentration, which would
require a logarithmic scale. The calculated, s

of DOPE in the free and bound states using this
model are approximately 740.1 and 8.8-0.1,
respectively. The shift in K, of DOPE upon
binding to DNA is therefore only 1 pH unit.

In order to determine theK)'s of DOPE in the
free and complexed states, independent of ITC,
pH titrations were performed of DOTAP/DOPE
1:1 liposomes and of liposome/DNA complexes in
unbuffered solution at 25.0C and/=0.010. The
resulting acid titration curve of liposomes alone is
displayed as the meanS.E.M. of three individual
measurements in Fig. 3a. Th&pof DOPE in
free liposomes can be estimated from the maxi-
mum effective buffering capacity of the system
which is obtained from the reciprocal of the second
derivative of the titration curve vs. pHR20Q], as
shown in Fig. 3b. From this analysis, & of
7.55+0.01 was obtained for DOPE in DOTAP
DOPE 1:1 liposomes, which is in reasonable agree-

data is better presented when the data is plottedment with the . value obtained with ITC
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Fig. 3. (a) Acid titrations using HCI of 1:1 DOTAPDOPE ww liposomes at 25.0C and/=0.010. Data points and error bars
represent the mean pH and standard error of the mean from three replitat&uffer capacity(d[HCI]/dpH) vs. pH from acid
titrations of 1:1 DOTARPDOPE liposomes at 25 and/=0.010. The line represents the best fit of an asymmetric double sigmoidal
peak function through the combined data points of three titrations of liposomes with HCI.
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Fig. 4. Dependency of the buffer-corrected enthalpy of bindiag/,) on the degree of DOPE protonatién) derived from ITC
titrations of DOTARP'DOPE (1:1 w/w) liposomes into DNA within the pH range of 6.50—8.50. The line through the data points
represents a linear best fit to the data.

(7.740.1). The K, of DOPE in the complex of pH 7.70 strongly suggests that the value of
could not be obtained by pH titration due to 8AH, is close to zerd16]. According to Eq.(5),
colloidal instability of the complexes in unbuffered if 8AH, is negligible, a linear relationship would
solutions, even at low cationic lipid-to-DNA exist between\H, andn, with a slope ofAH}, and
charge ratios. a y-intercept of AH,,. This relationship implies
To resolve the separate enthalpic contributions that any change im with pH produces a propor-
from binding and protonation upon interaction of tional change inAH,, with the proportionality
DOTAP/DOPE 1:1 liposomes with DNA, the constant being the slope or protonation enthalpy
variation of the buffer-corrected binding enthalpy of DOPE (AHY). As shown in Fig. 4, an excellent
(AH,) with pH was analyzedAH, is actually a  Jinear relationship betweemH, and n was
composite function of three enthalpic parameters obtained (R=—0.9994, with a slope of —
representing the binding and protonation processes:45.0+0.7 kJ/mol (AH'Y) and ay-intercept of +
AH,,—the intrinsic enthalpy of binding(the  2.840.3 kJ/mol (AH,,). These values indicate
enthalpy of binding of the deprotonated liposome that the intrinsic binding of DOTAPDOPE 1:1
to DNA in the absence of proton linkageAH,—  liposomes to DNA(in the deprotonated state and
the protonation enthalpy of the free lipid and iy the absence of proton linkapés endothermic
3AH,—the change in protonation enthalpy while the protonation of DOPE in the free and
between the free and bound states of the lipid, as pound states is exothermic. The protonation enthal-
defined in Eq.(5) below [16]: py of DOPE obtained from the proton linkage
_ f c model (—45.0+ 0.7 kI mol) is in excellent agree-
AHo=AHintn(AHp) + HY(dAH ) ® ment with reported values of the protonation
The existence of a common intersection point enthalpy of primary amines:—46+8 kJ/mol
of all the best fit lines in Fig. 1with the exception  (—11+2 kcal/mol) [21-23.
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Fig. 5. Observed enthalpy of bindifd\H,,.) determined with ITC vs. buffer ionization enthalpxH<"?) of DOTAP/DOPE(1:1)
liposomes(7.44 mM cationic lipid into plasmid DNA(1.23 mM) at pH=7.40, 25.0°C and/=0.150. The line through the data

represents the best fit from a linear least squares analysis.

To determine the binding enthalpy of DOTAP
DOPE 1:1 liposomes to DNA in the fully proton-
ated state, an ITC titration of DOTAP:DOPE 1:1
liposomes into DNA was performed at pH 5.50 in
the presence of acetate buflexHi°"z~0) [24], a
condition under which DOPE is fully protonated
and the contribution of buffer ionization is mini-
mal. An apparent endothermic enthalpy af
1.8+ 0.2 kI mol was obtained.

buffer at low ionic strength(1.84+0.2 kJ/mol),
where the lipid was also in the fully protonated
state and the extent of proton linkage was minimal.

4. Discussion
The goal of the current investigation is to

determine if lipids that are prepared in the presence
and absence of DOPE differ in their energetics

In the studies described above, the protonation and mechanism of binding to DNA. To accomplish

of DOPE in DOTAP'DOPE 1:1 liposomes upon
interaction with DNA were conducted under con-
ditions of low ionic strength(/=0.010. In order

to determine if proton-linked binding exists at
physiological ionic strength, titrations of DOTAP
DOPE 1:1 liposomes into DNA were repeated at
pH 7.40 at an ionic strength of 0.150 in the
presence of three buffers of different ionization
enthalpy. A plot of AH,,s vs. AH'Y"? from these
titrations is shown in Fig. 5. All observed enthal-
pies of binding were endothermic and resulted in
a slope of 0.03-0.01, suggesting the absence of
proton linkage under physiological ionic strength.
Furthermore, the buffer corrected enthalpy of bind-
ing under these conditiond.0+ 0.4 kJ/mol) was

this, the individual processes of binding and pro-
tonation that occur upon binding of DOTAP
DOPE to DNA must be separated.

A suitable procedure to separate the two pro-
cesses of protonation and binding is to construct a
thermodynamic square, as shown in Scheme 1. In
this diagram, the binding equilibria of lipid in
either the deprotonated or protonated states to
DNA are represented in the horizontal planes and
with association constant§;, and K, respectively.
The protonation of DOPE in the free and bound
states are represented by the vertical sides of the
square and are defined with protonation constants
K', and K, respectively. Employing the terminol-
ogy adopted by Bake 6], the binding of lipid in

close to the value obtained at pH 5.50 in acetate the deprotonated form to DNA is regarded as the



76

intrinsic binding process, and the heat of this
interaction is defined as the intrinsic binding
enthalpy (AH;,). Furthermore, the enthalpy of
protonation of DOPE in the free liposome is
represented by the quantitH}, and the term
dAH, is a factor to account for any difference in
protonation enthalpy of DOPE in the complex
relative to the free state.

As described in our previous repof?], the

B.A. Lobo et al. / Biophysical Chemistry 104 (2003) 67-78

trast, protonation of DOPE in the complex is
entropically favorabldTAS;>0) because proton-
ation drives the complex towards charge neutrality,
which would release bound water afwd counter-
ions from the lipid—DNA interface.

The binding enthalpies of the deprotonated and
protonated forms of lipid to DNA(AH,, and
AH,, respectively are similar but should be iden-
tical [16]. There may be several reasons for this

occurrence of aggregation near charge neutrality discrepancy. The headgroup conformati@spe-

during an ITC titration limits the binding process

cially the orientation of the P—N dipole of DOPE

and renders the association constant and corre-and hydration state of the lipid bilayer is known

sponding changes in binding free energy and entro-

py unavailable. Thus, with respect to the

thermodynamic square, the quantiti&s and K,

to be sensitive to pH. These differences in lipid
conformation angdor hydration may result in
slightly different intrinsic enthalpies of binding at

remain unknown. Because these affinity constants either extreme of pH. Alternatively, the use of ITC

are unavailable, a complete thermodynamic anal-

ysis of the binding equilibria of DOTAFDOPE
1:1 to DNA cannot be achieved and the compari-
son of the energetics of binding must be limited
to changes in enthalpy.

A complete thermodynamic description of the

data that does not extend to high enough pH
values may have resulted in some uncertainty in
the estimation ofAH;,,..

The endothermic binding enthalpies of DOTAP
DOPE 1:1 to DNA observed when protonation is
absent are consistent with an entropy-driven inter-

protonation events, however, can be obtained usingaction and also support an electrostatic mechanism

the proton linkage model of Baker et dl16].
From the definition of free energdGg= —RT In

K5 and AGi=—RT In K, the free energies of
protonation in the complex and the free liposome
are calculated adGp= —49.5+0.5 kJ/mol and
AG},=—43.7+0.3 kJmol. Since 3(AH,)~0,
AHS andAH}, are both—45.0+0.7 kJ/mol. There-
fore, the more favorable free energy of protonation
in the complex relative to the free liposome results
entirely from differences in the entropy of proton-

of binding. The binding enthalpies of DOTAP
DOPE 1:1 to DNA obtained at low pH in acetate
buffer and at/=0.15 at pH 7.40(shown in Table

1) are approximately equivalent and reflect the
binding enthalpy of the liposome in the protonated
state to DNA. The similarity between these two
measurements obtained at different ionic strengths
also confirms that an electrostatic interaction exists
between DOTAPDOPE 1:1 liposomes and DNA.

A minimal effect of ionic strength on the enthalpy

ation between these two states. Entropy-driven of binding is consistent with electrostatic interac-
ionization processes are common and may reflecttions because salt-dependent changes in the free

differences in the entropy of ion solvation due to
the electrorestriction of watef25]. The entropy

energy of binding are manifested as alterations in
the entropy of binding26]. These two measure-

changes for each protonation process can be cal-ments of the binding enthalpy of DOTAPOPE

culated explicitly using the relationshiBAS],=
AH,—AG!, and TASS,=AH,—AGS, from which
one obtaingASh,= —1.3+ 1.1 kJ/mol andTAS;=
+4.441.2 kJ/mol. The protonation of DOPE in
the free liposome is therefore entropically unfa-
vorable (TAS,<0) because protonation increases
the cationic charge density of the liposome, which
would require the accumulation of bound water
and/or counterions at the lipid—water interface to
hydrate or neutralize the cationic charge. In con-

1:1 in the protonated state to DNA are also similar
to the buffer-corrected binding enthalpy of 1:1
DOTAP/DOPC to DNA at low ionic strength
(Table 1. This suggests that any difference in
lipid surface curvature anf@r hydration that exists
between DOTAPDOPE 1:1 and DOTAPDOPC
1:1 liposomes and in their complexes with DNA,
is not reflected in the enthalpy of complex for-
mation. The existence of ion-dipole, van der Waals
and hydrogen-bonding interactions may also be
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Table 1
Binding enthalpies of cationic lipid mixtures to plasmid DNA at 25C using ITC
Lipid AH (kJ/mol) Condition

(S.EM

DOTAP (AH,) 7.0(1.7) 1=0.01, pH=7.40"
DDAB (AH,) 11.6(1.7) I1=0.01, pH=7.40"
DOTAP/DOPE 1:1(AH,,) 2.8(0.3) 71=0.01
DOTAP/DOPE 1:1(AH,) 1.8(0.2 1=0.01, pH=5.50, AH°"Z=0
DOTAP/DOPE 1:1(AH,) 1.0(0.9 1=0.150, pH=7.40
DOTAP/DOPC 1:1(AH,) 1.4(0.2 1=0.01, pH=7.4C"

afrom ref. [7].

possible contributors to these interactions. This properties of DOTAPDOPE liposomed29-31.

thermodynamic analysis, however, suggests that These studies monitored the pH-dependent disso-
such possibilities are less likely. Hydrogen-bonding ciation of the fluorophore 4-heptadecyl-7-hydrox-
interactions tend to be strongly exotherniz7] ycoumarin (HC) in the lipid bilayer. The
while ion-dipole interactions typically possess an dissociation of DOPE was detected at bulk pH
endothermic enthalpy much larger than that detect- values above 7.9, which is consistent with the

ed here(~16 kJ/mol) [28]. Van der Waals inter-
actions are most frequently characterized by
slightly exothermic enthalpies as wdRt7]. Thus,
the slightly endothermic intrinsic binding enthalpy
of DOTAP/DOPE to DNA detected here is most
consistent with a primarily electrostatic contribu-
tion. Nevertheless, we cannot rigorously exclude
minor contributions from these other types of
interaction.

Overall, these measurements of the intrinsic
binding enthalpy of equimolar DOTAfDOPE to
DNA are consistent with previous measurements
which did not account for the protonation of DOPE
[4], possibly because the deprotonation of TRIS
buffer (+47.4 kJmol) [24] would offset the heat
of DOPE protonation. A comparison of the buffer-
corrected binding enthalpies of DOTAP, DDAB,
DOTAP/DOPC 1:1 and the intrinsic binding
enthalpy of DOTARDOPE 1:1 to DNA(Table )
reveals that the largest endothermic binding enthal-
pies are observed with cationic lipids alone. This
may reflect a slightly greater enthalpic penalty
required to dehydrate a pure cationic lipid interface
compared to a DOTAFDOPE 1:1 or DOTAF
DOPC 1:1 surface, because the pure cationic lipid
possesses twice the charge density of the lipid
mixtures containing DOPE or DOPC.

These calorimetric findings are quite comple-

mentary to previous spectroscopic measurements

that were made of the interfacial electrostatic

pK?’, value of DOPE of 7.7 obtained in this present
report.

In conclusion, this study has revealed an intrin-
sic endothermic binding process when DOTAP
DOPE 1:1 liposomes complex with DNA. This
suggests that binding occurs by an electrostatic
mechanism similar to that observed with pure
cationic lipids. It is unknown, however, whether
the enthalpically favorable protonation equilibria
of DOPE produces an increase in affinity relative
to that of DOTAP alone. The affinity constant of
these lipids for DNA may prove to be the most
important physical parameter for a mechanistic
comparison of these lipid mixtures. Unfortunately,
it has so far proved to be the most difficult
parameter to obtain unambiguously. At physiolog-
ical ionic strength, complex formation between 1:1
DOTAP:DOPE and DNA proceeds in the absence
of proton linkage with an endothermic binding
enthalpy. The favorable enthalpy of protonation
which is observed at low ionic strength would
therefore not exist under biological transfection
conditions. This suggests that the affinity of these
lipids for DNA at moderate ionic strength will be
determined by the relative magnitudes of the entro-
py change upon complex formation.
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