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Excess Enthalpies of Mixing in Phospholipid-Additive Membranes

Introduction
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Isothermal titration calorimetry (ITC) allows the measurement of composition-dependent mixing heats of
amphiphiles. A number of experimental protocols are now established to measure molecular transfer heats
between, for example, micellar and lamellar aggregates. This study deals with the principle understanding of
the physical effects contributing to the ITC data. The physical state of the mixture is described in terms of
the molar excess enthalpy as a function of its composhigK). A relation is derived between this system
property and the observable heat per mole of titrapid(as dops = (Xsyr — X)(0he/dX) + he(X) — he(Xsyr)

with X andXsyr being the mole fractions of one chosen component within the mixed aggregates in the sample
cell and in the injection syringe, respectively. According to this differential equation, one may derive
information about the second and further derivatives (i.e., the curvature) of the excess enthalpy function.
This can serve to construct the(X) plot based on the ITC data. We emphasize that for aggregates mixing
nonideally (which must be considered rather the rule than the exception) one has to carefully distinguish
between observed mixing heats and enthalpic state of the mixture. The formalism is presented at the example
of mixtures of the phospholipid POPC and detergents of the type@; with n = 3—6. For instance, the
system GEOQy/POPC was found to show an extremely asymmetric mixing enthalpy function with an attractive
part (i.e.,he < 0) for low and a repulsive one for higher detergent contents in the mixed membranes. Such
excess enthalpy functions could be modeled by a polynomial equation and discussed in terms of cooperative
interactions between the molecules.

Unfortunately, little is known about these nonideality effects
up to now. Johann et &:1”modeled heat capacity curves (i.e.,

Recently, it was shown that the incorporation heats of psc data of phospholipid mixtures) considering asymmetric
amphiphilic molecules into lipid membranes can be Very psnigeal mixing properties in terms of a polynomial model. ITC
sensitively and conveniently studied by isothermal titration gypheriments dealing with the incorporation of surfactant mono-
f:alorimetry. .Valrious protocols allow characterizing the “bind- 1 ars into membranes (“partitioning protocols”) have not been
ing” of amphiphile monomers to membrafiesas well as the  gjtaple to resolve a composition dependence of the entRalpy.
transfer of detergents from micelles to lipid membrafie$.! Most of the few data available for the micelle to bilayer transfer

As a result, a consistent system of transfer heats of the molecule

resently lack a consistent quantitative modeling and interpreta-

between the various pseudo-phases was established. As |Onaon_g,g Only for the rather strongly cone-shaped detergenss C
as one assumes the characteristic molar enthalpy in each of th%o7 and G,EOs a simple pair interaction approach allowed a
states (monomers, micelles, and bilayers) to be constant, thegood fit of composition dependent enthalplegiving rise to

transfer heats directly reflect the enthalpy differences of the
transferred molecule between the initial and the final state,
respectively.

We emphasize that this does not remain true when the molar
enthalpies of the different molecules in a mixed membrane or
micelle depend on the aggregate composition. For many
surfactants, the partition coefficients to lipid membranes were
found to decrease with increasing surfactant coftett(i.e.,
the chemical potential gain upon incorporation decreases).
Because the composition dependent packing effects of hydro-
carbon chains? as well as that of hydrated headgrotipn
lamellae give rise to both enthalpic and entropic effects which
essentially cancel out each other, the molar enthalpies are

substantial endothermic nonideality parameters.

In this study, we present a general approach to evaluate
nonideal mixing heats obtained by ITC in terms of an excess
enthalpy function. Whereas experimental transfer data include
the heat required for the complete process of reequilibration
after an injection (dynamic information), the excess enthalpy
function characterizes the enthalpic state of a molecule at a given
composition regardless of the history of the sample.

The approach is illustrated for mixtures of the nonionic
detergents GEG, with n = 3—7 and the phospholipid POPC.
For these detergents, sufficiently high experimental concentra-
tions can be chosen (in the millimolar range) so that the fraction

suggested to depend even more sensitively on aggregaté’f monomers in water is negligible. Then, all the measured

composition.

heats can be interpreted in terms of nonideality effects in the
bilayers and, fon = 5—8, the transformation of the detergents
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from the micellar to the lamellar state. The results show that
the transfer heats of the detergent or the lipid to the mixed
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e t Figure 2. Observed heats for the titration of 101 mMEO, to 2.5
17 mM POPC @) and for 15 mM POPC injected to 2.5 mM (large)
and 1 mM (smaller) C1,EQ;, respectively. The fit lines are according
to egs 11 and 12; the thick solid line represents the corresponding excess
, i i i enthalpy function according to eq 10.

0.0 0.2 0.4 0.6 0.8 1.0
_ _ X ) approximation is better for higher lipid and/or detergent
Figure 1. Experimental raw data collected by an ITC experiment concentrations, higher partition coefficients (i.e1080, with
injecting 10uL aliquots of a 39 mM GEQ; vesicle dispersion to a lower n), less exothermic heats of demicellization (i.e., lower

2.45 mM POPC suspensioA)(and the corresponding observed heats d] doth ich f f ixed bil .
Qobs VS the G,EO; mole fractionX (B, A). Additionally, the data of the n), and less endothermic heats of transfer to mixed bilayers i.e.,

injection of 15 mM POPC to 1 mM GEO; are displayed as. The fit lowern). In particular, the effective detergent mole fraction in
lines correspond to eqgs 11 and 12, respectively. The thick solid lines the mixed membranes is by0.001 or less lower than the total
represent the excess enthalpy functibaé) according to eq 10 and X used. The subsequent maximum absolute error of the molar
the fit parameters. titration heats shown<0.5 kJ/mol) arises for the first injection

of C1,EOy (cf. Figure 3), where 2% of the injectant is transferred
iIIustrating the major importance of this differentiation for a to the water Causing—O_ZG kJ/(m0| injected) instead of the

proper interpretation of the experimental results. +0.24 kJ/(mol injected) expected for the detergent incorporation
into membranes, which corresponds to a relative error of 4%.
Experimental Section The maximum absolute error for;&EO; and G.EO, occurs

for the first injection of the latter and amounts-t®.1 kJ/(mol

The lipid 1-palmitoyl-2-oleoyl phosphatidylcholine (POPC) injected) (cf. Figure 2).

was purchased from Avanti Polar Lipids, Birmingham, AL, and
the oligo (ethylen oxide) dodecyl ethers were from Nikko Theory

Chemicals, Japan. The substances were used without further )
purification. Excess Enthalpy and Observed Heats.We consider an

aqueous lipid/detergent mixture in the composition range where
lamellar aggregates are formed exclusively. For simplicity, let

s assume that the partition coefficient of the detergent and the
experimental concentrations are high enough to make detergent
monomers in water negligible. That means that the effective
mole fraction of detergent in the mixed membrane (often
denotedXs) can be approximated by the tofél

The dry phospholipid POPC was suspended in water by
vortexing and subsequent extrusion through Nuclepore poly-
carbonate membranes of 100 nm pore size. This procedure wa
checked to ensure it yielded essentially unilamellar vesicles of
100 nm diameter and to ensure caused no significant loss of
material. The detergent was dispersed in water and vortexed
rapidly. In dilute agueous dispersiom£E0; and G2EO, form
bilayer vesicles and the detergentg B, with n = 5—-8 N
aggregate as micelles at room temperatété. X & X = D (1)

The experiments were done at a MicroCal MCS isothermal Np + N_
titration calorimeter (ITC¥° Typically, about 20 injections of
3—10uL each are performed using computer-controlled titration With Np and N denoting the mole numbers of detergent and
syringe (syringes with total volume of about 60, 130, and 300 lipid, respectively.
uL available) to the sample cell of 1.3 mL volume. Thecellis ~ The enthalpy of the mixed lamelld(X) can be written as
filled completely prior to the experiment so that concentration the weighted sum of the partial molar enthalpies of the lipid
data are subject to a slight correction for replacement effects. and detergentt. and hp:

The heat of mixing after each injection is detected by means of

a power peak of the cell feedback heater (CFB, cf. Figure 1A) H(X) = Nphp(X) + N_h (X) 2)

to balance temperature differences between the sample and

reference cell, both residing within an adiabatic jacket. During with the partial molar enthalpies considered to be a function of
all the experiments, the cell is stirred with 100 or 400 rounds/ the bilayer compositioiX.

min. The lower rate increases the time for reequilibration  The mixing excess enthaly(X) is defined as the difference
slightly but essentially prevents heat effects arising from between the mean molar enthalpy of the mixture and the ideal
viscosity changes upon injection. average of the molar enthalpies of the pure compones(t)

The detergent fraction in the aqueous dispersion and its @hdh.(0):
variations are negligible at the millimolar concentrations of
detergent or lipid chosen for this study. Generally, this he(X) = X[hp(X) — hp(1)] + (1 = X)[h.(X) —h (0)] (3)
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yielding with egs 1 and 2,
H(X) = Nphp(1) + N_h (0) + (N, + NDhe(X) — (4)

The heaQ consumed or released upon reequilibration of the

system after mixing injectant and cell content is just the enthalpy

difference between the previous and the new equilibrium state
It is conveniently expressed in terms of the observable heat pe
mole of injectantgops

Q

Gobs ™ AN, + AN, ®)
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the mixing heatgp and g_ are not independent. For given
values ofgp(X), one can calculatg_(X) and vice versa according
to the formulas:

_ X x (X))
| ) == 7xBX) + 1 (1——X’)2dx (9a)
r
_ g (X
®0) =~ 52000+ f; q;i,z Jix  (oby

Equations 9a,b can be derived by differentiation of eq 9 and
using eq 6.

The relation between this experimentally observable quantity  On the other hand, eq 6 can be solved using a model function
and the system state specified by means of the excess enthalpjor hg(X). This solution should obey two conditions: It must

is derived in the Appendix, yielding:

ohe(X)

Qs = Koy = X~ + M) —he(Xy) ()
For single component injectants, the titrant composiXgs

amounts to O (lipid injection) or 1 (detergent injection) and the

vanish forX — 0 and forX — 1 in accord with the definition
of the excess enthalpy (cf. eq 3) and it must be analytically

differentiable to apply eq 6. Assuming an polynomial expres-
Sion'il.6,17,21

he(X) = X(L = X)py + p:X + pX° + pX° + ..] (10)

last term vanishes. The first term of eq 6 describes the variationthe opserved heat (eq 5) becomes, according to eq 6 for the

of the sample enthalpy upon variation of its compositién
caused by the injection. Note th4tis increased by detergent
injections (Ksyr — X) > 0 for Xsyr = 1) but decreased by lipid
injections (Ksyr — X) < 0 for Xsyr = 0) to a mixture (0< X
<1) and that the variation oK caused by a series of equal
injections decreases with approachingXsy. The equation
applies also to injection of mixtures (0 Xsy,<1) which can be

important if the pure detergent cannot be homogeneously
dispersed in water. The change of the sample composition

detergent injection experimentd, = 1),
O = (1 — X)[pp + 20,X + 3p,X% + 403+ ..] (11)
and for the lipid injection experimeniXg,, = 0),

a. = X(po = po) + 2X(py — o) + 3X%(p, — po) +
405 — ...)...] (12)

causes a heat dependent on the local slope of the excess enthalpy

functiondhg/oX. The differencég(X) — he(Xsyr) represents the
enthalpy change of the injected material. Writing this difference
in terms of an infinite sum according to the Taylor law,

o 3 he(X) (Xsyr = X

06~ == — —— )
eqg 6 can be rewritten as
= P he(X) (X — X"
qobs= (8)

ki

axk

eq 8 leads to the important conclusion that the experimenta
Jobs data which are observed in the ITC experiment contain
information only about the second and higher derivatives of
hg(X). That means that only the local curvature but not the

absolute value or linear slope of the excess enthalpy function

are experimentally accessible from a chosen vajgX).
Experimental Determination of the Excess Enthalpy

Function. Let us denote the heat observed upon detergent and.

lipid titration gp = QopdXsyr = 1) and gL = obdXsyr = 0),
respectively. To gain the physical propehy based on the
experimental datgp and/org., one has to solve the differential
eq 6 forhg.

On one hand, the excess enthalpy value at a given compos
tion X can be calculated on the basis gf(X) and g (X)
according to the relation:

he(X) = Xp(X) + (1 — X)au(X) ©)

which can be easily proven using eq 6. We should note that

The functions (11) or (12) allow fitting the experimental data
by adjusting the parameteps, p1, p2, etc., determinindng(X)
according to eq 10. This formal approach is empirical and does
not require the parameters to have a distinct physical meaning.

We state that eq 9 requires both thge and theq. at the
compositionX to calculatehg(X). Using eq 11 or 12 one can
calculate hg based on the complete data set of only one
experimentgp or g..

Statistic Motivation in Terms of Cooperative Interactions.

If one stops the polynomial in the bracket in eqs-1@ after

po, one obtains the well-known formula for pair interaction
statistics in randomly mixed systems (cf. regular solution

modef?23 and the subsequent ITC fitting é§svhere the factor
| PO represents a measure of the nonideal pair interaction enthalpy.
This special case constitutes the first approximation in a series
also in the physical sense. In general, the interaction between
two molecules can be considered to depend on other molecules
in the environment as well. Then, interactions of higher
cooperativity than pair interactions must be taken into account
to model the enthalpy of the mixturé.
Let us consider clusters of three molecules every one of which
is in contact with both the others in a two-dimensional hexagonal
array. Four types of clusters are possible in the mixture of lipid
(L) and detergent (D) molecules: LLL, LLD, DDL, and DDD.
Note that the pure lipid and detergent clusters, LLL and DDD,
exhibit no excess enthalpy. Consequently, the excess enthalpy
of a randomly arranged two-component mixture is given by the
sum of the enthalpies of the LLD and DDL clusters only
(denotedo, o andpppL), weighted by their relative incidences,
puo and por:

hE(X) = PuoPio T PooLPooL (13)
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The superscript “b” added the serves to specify the fact ' ' ' T
that the mixed and both the pure phases have the same (e.g.,
bilayer) structure. This is important for the consistency of the
equations with those for micellar detergents introduced below.
Assuming random mixing, one obtains with p = (1 — X)2X 5
and poL = X2(1-X):

he(X) = X(L = Xy p@ = X) + ppp X (14)

We emphasize that eq 14 is equivalent with eq 10 for

104

PLp = Po (15)
=4
PopL = Po T P2 (16) ®
¥
andpy, p3, ... = 0. An analogous approach for clusters of four 0 3 m{
molecules is found to correspond to eq 10 considering the terms
up to pz, with ’ ’ ;
— Tl
PLLp = Po 17) 5 s e
I3
PLop = P17t 2pg (18) E %
=potpt 19 ‘
PLoop = Po T A1 P2 (19) 00 02 04 _ 06 08 10

X
Summar!zm_g, we conclude that th_e numb_er of terms of the Figure 3. Observed heatsp (part A)andq. (cf. part B) and the
polynomial in eqs 11 and 12 required to fit the data can be ¢qrresponding excess enthalpy (cf. part C) for the system GEO;/
interpreted as a measure for the cooperativity of the molecular POPC as a function of the:§£0; mole fraction X. Experimental
interactions (i.e., of the minimum size of clusters which must parameters: A) Titration of 4.9 mM G,EO; with 28 x 10uL injections
be taken into account to model the molecular interactions in of POPC 15 mM V), (B) Titration of 5 mM POPC with 20< 3 ul +
the mixture). In the frame of this approach, the fit parameters (Syringe changed) 2& 10 uL C1.EC; 100 mM (largera) and (new

- - - . experiment) with 30« 10uL + (syringe refilled) 11x 25ulL C1,EO;
of the empirical function eq 10 possess a physical meaning 100 mM (smallera). The thick solid lines represent one simultaneous

regarding cluster enthalpies. However, we emphasize again that of 4 data sets shown and the corresponding excess enthalpy function
the empirical application of eq 10 to plbg(X) is not subject he (fitting egs obey eq 6 and are not presented explicitly). The gray
to the validity of any assumption made in this chapter. filled area in part C markk? (cf. eq 20). The other lines are explained

in the text.
Results and Discussion

Derivation of the Excess Enthalpy Functions. The Figures real compared to an ideal mixture. Th(_e latter is given in terms
1—4 illustrate the experimental data obtained for the detergents ©f the weighted average of the enthalpies of the pure phases of
C1,EQ, with n = 3—6 in mixtures with POPC. Generally, the ~theé componentshn(1) andh (0), giving rise to eq 3. In the
data collected upon detergent injections (i.e., the “upscans” in Present casey (0) andhp(1) stand for pure lipid bilayers and
the X-scale) are displayed as up triangles and the lipid injection PUre detergent micelles, respectively. Indeed, one can find such
data (i.e., “downscans”) by down triangles. a functionhg(X) which accounts fairly well for the experimental

The blank experiment injecting lipid dispersions to water datadp, as well agy, according to eq 6 (cf. solid lines in Figure
yielded titrant dilution heat of about-0.054 kJ/mol. The 3).
detergent dilution heat of about0.04 kJ/mol was measured Of course, this “overall” or “apparent” excess enthalpy cannot
by injections of the concentrated detergent dispersions to be modeled in terms of eq 10 because it contains contributions
detergent dispersions above the cmc (in the absence of lipid).from the interactions of the molecules within the bilayers and/
These values were considered as constant base line shifts iror micelles as well as from the phase transformation of the
the fit procedures. molecules. An approach to split these contributiongstevithin

The detergents GEOs and G2EO, (cf. Figures 1 and 2)  the lamellar range is described by eq 20:
which form lamellae in agueous dispersion at room temperature
show rather low mixing heats over the complete composition _ b by _
range. The experimental data collected by lipid and detergent he(X) = hg(X) + X[hp(1) — hy(1)] (20)
titration experiments could be fitted consistently with one set . . . . .
of parametergg and p; using egs 11 and 12, respectively. and |Ilustratedbby _Flg_ure 3. Accordlngly, an _mter_medlate

The pure detergents,@&Q, with n = 5—8 form micelles in enthalpy stateéy(1) is introduced which can be imagined as
aqueous dispersion. Consequently, a composition-driven phasdéhe molar enthalpy of imaginary pure detergent bilayers. The
transition from mixed lamellae to micelles occurs at a distinct transfer to this state would cause the hbgtl) — ho(1) as
composition X, indicated by marked breakpoints of the observed indicated by the arrows in Figure 3B, C. The fact that each
heats (cf. Figures 3 and 4). A quantitative treatment of the detergent molecule in the mixed lamella “contains this enthalpy”
transfer heats between the different phases was introduced incontributes to the mean enthalpy of all molecules in the lamella
ref 3. However, we can employ the excess enthalpy formalism weighted by the detergent content X. With equations 6 and 20
also to these systems. Generaliy,is defined to describe the  we find for the heat upon detergent injectigg into a sample
difference between the mean enthalpy of the molecules in thein the exclusively lamellar range:
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Figure 5. Intrinsic bilayer excess enthalpy functioh% vs detergent
mole fraction in the membran¥ for the homologous series of the
detergents GEO, with n = 3—8. The curve for GEO, differs by a

Figure 4. Observed heats on titration of 100 mMA£EGO; (left, A)
and 100 mM G:EG:s (right, o) to 5 mM POPC, respectively, and upon
titration of 25 mM POPC to mixtures 2.5 mM POPE2.5 mM G slightly steeper right flank from the one displayed in Figure 2. It was
EQs (left, v) and 2.9 mM POPGH+ 4 mM Cy:EOs (right, v). The derived fitting the data at higik more precisely by more adjustable
behavior in the exclusively lamellar range was fitted (solid lines) parameters. The @EOs parameters have been derived in ref 3.
according to egs 11, 12, and 21. The corresponding excess enthalpy
functions are displayed in Figure 4. The extrapolation to estimate randomly occurring arrangement of twoEO; molecules
[h3(1) — h(1)] (thin dash/dot lines) was done fr> 0.2 with p, = neighboring to one POPC results in an enthalpy gair-»f3
3.9 and 4.6 kJ/mol fon = 5 and 6, respectively, ang, pz, ... = 0. kJ/mol compared to the pure components. The respective
advantage for two GEO, plus one POPC amounts t60.05
kJ/mol only. In contrast, clusters containing two detergents and
one lipid molecule are enthalpically unfavorable b{.1 and
+3.8 kJ/mol, respectively. The behavior for the larger head-
Note thatq. is not affected by a phase transformation in the group detergents GEOs and G-EOs can be modeled only if
lamellar range becaudg(0) = hE(O). one introduces higher order terms to the fit functions. That
Hence, the dotted lines in Figure 3 can be imagined to means, the specific, enthalpically favorable interaction is not
separate the contributions ¢p andhe arising from the lipid/ only weaker but exhibits also a higher cooperativity. In other
detergent interactions in the membrane (marked in gray) andwords, more lipid molecules are required to interact with one
from the injectant phase transformation. detergent to form the favorable arrangement. Note that the
The quantityhg is directly comparable to the excess en- values forhg observed (cf. Figure 4) are considerably lower
thalpy functions for lamellar detergents (the differerge— than the thermal energy (2.5 kJ/mol) and thus support the
hE vanishes forhg(l) = hp(1)) and has all properties of an assumption of a random arrangement of the molecules, which
excess enthalpy function with the only restriction that the was assumed in the statistical motivation. About the molecular
reference state for the pure detergent phase is not the equilibriumorigin of this effect we can only speculate at the moment. Does
state. the favorable cluster constitute a unit with vanishing spontaneous
Note that the extrapolation procedure we applied to estimate curvature? Does the detergent “fill a space” the phospholipid
h2(1) — hp(1) (cf. dash/dot lines in Figures 3 and 4) assumes headgroups leave free because of dipole or hydration forces?
the absence of rather highly cooperative, detergent dominatedDo the different hydrocarbon chains of the lipid and the
clusters which would not be detectable inside the experimentally detergent play a role for this specific interaction? These and
accessible range. other hypotheses are to be proven or abandoned by further
The experimental data could be modeled fairly well according studies and alternative methods.
to the cooperative interaction model eq 10 (cf—1®) with
one to five parameterg; and a constant for all detergents

investigated. The fact that, for all the detergents, lwptland The main aim of this study was to specify the information
oo measured independently were found to correspond to the content of mixing heats gained by means of ITC. A formalism
same excess enthalpy function can be considered a proof of thgyas established to relate the experimental heats to the enthalpic
approach. _ state of the molecules in the mixture. We emphasize that one
Interpretation of the Excess Enthalpy Functions. The has to carefully distinguish between both quantities as soon as
excess enthalpidﬁ of mixed lamellae made up of POPC and nonideal mixing effects have to be considered.
detergents GEQ, (n = 3-8) are observed to be more In particular, mixtures of POPC and the detergentsE0;
endothermic as the detergent headgroup becomes larger (cfand G,EQ, forming lamellae in aqueous dispersion at room
Figure 5). This rather unspecific effect can be, at least temperature exhibit a markedly asymmetric excess enthalpy
qualitatively, explained in terms of the curvature strain intro- function. This behavior can be modeled taking into account
duced by the detergent into the membrane as argued €arlier. cooperative interactions between three, randomly neighbored
An essential new information extracted from the excess molecules. Obviously, arrangements of one detergent molecule
enthalpy formalism is the asymmetric shape of the excess with two or more phospholipids are enthalpically favored. This
enthalpy functions with respect 8§ = 0.5. Whereas the  effect gradually disappears with increasing headgroup size of
symmetric regular solution function considering pair interactions the detergents. Accordingly, the cluster interactions become
obeys an exclusively convex curvature, ﬂﬁéx) curves forn weaker and the minimum cluster sizes seem to grow.
= 3—6 exhibit a considerablyn(= 3 or 4) or slightly 6 =5
or 6) increasing slope at loX. This property can be imagined Acknowledgment. This work was supported by the Deutsche
as a measure for cooperative interactions involving more than Forschungsgemeinschatft (Grants SFB 294 and GRK 152). We
two molecules.The data are compatible with the idea that a thank Elke Westphal for excellent technical assistance and

InR(X)
oX

G = (1 —X) + h(X) + [MR(1) — hy(1)] (21)

Conclusions
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Appendix: Derivation of Equation 5 )
o o From eq 1 it follows that
For the determination of the hed) arising from the

reequilibration after mixing, we have to concern a semiclosed 49X
system exchanging no material but only heat with outside. Such (Np + N7~ =1—X (29)
system must include the cell content and the syringe and the D
access tube of the cell, to which some cell content is displaced
due to the injection. TherQ is given by the change of the an
enthalpy content of this system:

. (Np + N)-2X = —x (30)

Q = AH(cell) + AH(replaced}+ AH(syringe) (22) oN,

The variation ofH inside the cell, i.e., upon a slight chanye Considering eqs 2730, eq 26 simplifies to eq 6.
and/orN, can be approximated by the differential:
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