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Abstract

The interaction of surfactants with membranes has been difficult to monitor since most detergents are small organic
molecules without spectroscopic markers. The development of high sensitivity isothermal titration calorimetry (ITC) has
changed this situation distinctly. The insertion of a detergent into the bilayer membrane is generally accompanied by a
consumption or release of heat which can be measured fast and reliably with modern titration calorimeters. It is possible to
determine the full set of thermodynamic parameters, i.e., the partitioning enthalpy, the partitioning isotherm, the partition
coefficient, the free energy, and the entropy of transfer. The application of ITC to the following problems is described:
(1) measurement of the critical micellar concentration (CMC) of pure detergent solutions; (ii) analysis of surfactant-
membrane partitioning equilibria, including asymmetric insertion; and (iii) membrane-surfactant phase diagrams. Finally,
the thermodynamic parameters derived for non-ionic detergents are discussed and the affinity for micelle formation is
compared with membrane incorporation. © 2000 Elsevier Science B.V. All rights reserved.
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1. Isothermal titration calorimetry: a short description
of the technique

Isothermal titration calorimetry (ITC) measures
the heats associated with the mixing and the reaction
of two solutions of different compositions. Both
physical (non-covalent binding) and chemical pro-
cesses may be accompanied by a release or uptake
of heat. The schematic diagram of a titration calo-
rimeter is shown in Fig. 1. It contains a reference cell
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and a measuring cell (both with a cell volume of ~ 1
ml) filled with the same solution. In the measuring
cell the reactant is injected via a syringe driven by a
stepping motor. The tip of the syringe is flat and acts
as a stirrer since the syringe is rotating with a speed
of about 300 rpm. The reactant is injected in small
aliquots of typically 5-20 ul and the heat produced
or consumed is measured as a function of time. The
calorimeter is an adiabatic calorimeter working in a
power compensation mode [1]. Power compensation
means that all heats effects arising from the injection
are actively balanced by the calorimeter feedback
keeping the reference cell and the measuring cell at
the same temperature. This is realized in practice by
a very precise measurement of the temperature differ-
ence between the two cells. The reference cell is
heated continuously with a very low power (‘RO’)
of e.g., 20 uW. Because the increase in temperature

0005-2736/00/8$ — see front matter © 2000 Elsevier Science B.V. All rights reserved.

PII: S0304-4157(00)00009-5



70 H. Heerklotz, J. Seelig /| Biochimica et Biophysica Acta 1508 (2000) 69-85

O

\y)

JFB

o

Fig. 1. Schematic diagram of a titration calorimeter (cf. text).

is also low (30-60 mK/h), the mixing and reaction
process can be considered as ‘isothermal” within the
limits of the experiment. The mixing cell is connected
to a second heater (‘CFB’), the power of which is
controlled by a feedback mechanism eliminating
any temperature differences between reference cell
and measuring cell. The ‘baseline value’ of the CFB
will be similar to that of the reference cell because
size and content of the two cells are matched. If heat
is produced or consumed in the measuring cell upon
injection of a reactant, a change in the CFB power is
required to restore identical temperatures in the two
cells. The heat flow is measured and recorded as a
function of time. The integration of the CFB heat
flow yields the heat of reaction.

Reference and mixing cell are shielded from the
environment by an adiabatic jacket which is heated
by a third heating system (‘JFB’) keeping the temper-
ature of the adiabatic shield exactly at that of the
reference cell. In the absence of a temperature gra-

dient no heat exchange can occur with the environ-
ment.

Isothermal titration calorimetry (ITC) has a num-
ber of advantages. Almost all chemical and physical
processes entail heat changes and can thus be mea-
sured with ITC without the need for a specific spec-
troscopic or isotopic labeling. The instrument is
highly sensitive and measures heats of reaction of
~1 pcal (107% K temperature change for a 1 ml
cell), and it is thus possible to measure small
amounts of dilute reactants. Moreover, the measure-
ment is fast and a single titration sequence with 20
injections is usually finished within 90 min. Finally, it
is possible to derive the complete thermodynamic
picture of the physical or chemical process under
consideration, i.e., the enthalpy, AH, the free energy,
AG, and the entropy, AS.

ITC has proven extremely useful to study surfac-
tant-membrane equilibria and four types of experi-
ment can broadly be distinguished:

e measurement of the critical micellar concentration
(CMO);

e the partition equilibrium between monomeric sur-
factant and the lipid membrane;

e membrane solubilization at high concentrations of
surfactant; and

e membrane formation upon dilution of mixed lipid—
surfactant micelles.

ITC measurements provide the relevant concentra-
tions such as the CMC and the critical concentra-
tions for the onset and end of membrane solubiliza-
tion, as well as the partition constant and the
reaction enthalpy. I'TC can also be used to establish
a partial phase diagram of surfactant-lipid mixtures.

2. Critical micellar concentration

ITC is a convenient tool to determine the critical
micellar concentration (CMC) and the heat of mi-
celle formation, AHy;c=AH}~™. The second nota-
tion specifies that AH;. is the molar enthalpy of
transfer of detergent (D) monomers from water (w)
into micellar (m) aggregates. Experimentally, the
CMC is determined by studying demicellization, i.e.,
the reverse process of micelle formation [2-8]. A sur-
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Fig. 2. Determination of the critical micellar concentration
(CMC). A 2.5 mM solution of C;,EOg in water is injected into
pure water. (A) Heat flow (the power of the CFB heater) vs.
time. (B) Integrated heat per injection, &/4;, normalized with re-
spect to the injected number of moles, dn%. Initially, micelles
are completely dissolved and the heat of demicellization is
AHZ™=-3.6 kcal/mol. As the surfactant concentration in-
creases, the process of demicellization comes to a halt and the
reaction enthalpy approaches zero (with a small heat of dilution
remaining). The CMC is defined as the midpoint of the sigmoi-
dal transition curve and is CMC=90%£20 pM. (C) Midpoint
and width of the micelle— monomer transition are defined
more clearly by calculating the first derivative of the transition
curve B.
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factant solution with a concentration well above the
CMC (C% >CMC) is filled into the syringe and is
injected into the measuring cell containing pure
water (or buffer). The volume of the measuring cell
1S Veen~1 ml and a 10 pl injection thus leads to a
100-fold dilution of the injected surfactant solution.
The micelles dissolve into monomers, a process ac-
companied by a release or uptake of heat. This is
demonstrated in Fig. 2 for the demicellization of
C2EOg. The upper panel shows the heat flow caused
by the injection of 5 ul aliquots of a 2.5 mM micellar
detergent solution into buffer. The heat of each in-
jection, &4;, is determined by integration of the heat

flow peak after subtraction of the baseline. Ignoring
the first injection (cf. below), each of the following
seven injections causes an exothermic heat of demi-
cellization of about —48 pcal and increases the de-
tergent concentration in the cell in steps of 8C) =9
uM. The injection heats are divided by the injected
mole number (12.5 nmol) of detergent, yielding
AHB~Y which is plotted versus CY (middle panel).
The figure illustrates that micelles are dissolved with
a molar heat of —3.6 kcal/mol up to the CMC of
about (90 = 20) uM. The reverse process, i.e., micelle
Sformation, is endothermic with AH}™™ =+3.6 kcal/
mol. The CMC is not seen as a sharp ‘phase bound-
ary’ but is defined as the midpoint of a rather broad
transition range. For a more precise quantitation of
the midpoint and the width of the micellization pro-
cess it is advantageous to plot the first derivative of
the AH vs. CY) curve as shown in the bottom panel.

In general, a number of technical details must be
taken into account in analyzing ITC experiments.
First, a small heat is measured even for a buffer-
into-buffer injection. This is due to temperature dif-
ferences between the injection syringe and the calo-
rimeter cell. Secondly, changes in the concentration
upon consecutive injections lead to heats of dilution
which are, however, usually very small. Appropriate
control measurements must be performed and must
be subtracted. Thirdly, injections into the completely
filled calorimeter cell lead to an ‘overflow’, displacing
a corresponding part of the cell content. Again,
proper corrections must be applied (cf. below). Fi-
nally, the filling and mounting of the syringe may
cause a slight inaccuracy of the volume of the first
injection. Therefore, a first injection of small volume
(2 W) is often made (Fig. 2A) and the corresponding
heat is not included in the evaluation.

The CMCs encompass a wide range of concentra-
tions and Table 1 gives the CMCs of surfactants
commonly employed in membrane research. Surfac-
tants with a high CMC are generally preferred in
biochemical preparations since they are easily re-
moved by dialysis against buffer.

3. Surfactant partitioning into membranes

If a surfactant is dissolved in the aqueous phase at
a concentration distinctly below its critical micellar
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Table 1

Micelle formation and partitioning of surfactants into POPC or EYPC membranes at room temperature: thermodynamic parameters®

(taken from [22])

Surfactant AH? (kcal/mol) K (ITC) (10> M) CMC (1073 M) K-CMC
Oligo (ethylene oxide) alkyl ether

C1EO; 1.9 [22] 6 [22] 0.6 [22] 0.36
C1oEO; 6.5 [22] 0.77 [22] 0.85 [22] 0.65
C,EO; 1.3 [22] 100 [22] 0.06 [16,22] 6
C,EOy4 2.9 [22] 35 [22] 0.06 [16,22] 2.1
C1,EO;s 3.8 [22] 24 [22] 0.065 [4,16] 1.56
C1,EOq 4.8 [22] 20 [22] 0.065 [4,16] 1.3
C,EO; 4.8 [22] 12 [22] 0.075 [16,22] 0.9
C,EOs 7.7 [22] 6 [22] 0.09 [4,7] 0.54
Tritons

X-100 3.6 [22] 3.0 [22] 0.23 [17,22] 0.69
X-114 1.9 [22] 3.5 [22] 0.17 [43] 0.59
Alkyl (thio) glucosides

Cs Gluc 1.3 [21] 0.12 [21] 23 [6,35] 2.3
Cs Thiogluc 1-2 [18] 0.24 [18] 9 [44,45] 2.1
Cyjo Gluc 1.2 [21] 1.6 [21] 2.2 [46] 3.5
Alkyl maltosides

Cg Malt 2.4 [22] 0.025 [22] 19.5 [46] 0.49
Cyjo Malt 3.1 [22] 0.2 [22] 1.8 [46] 0.36
Cy; Malt 1.0 [22] 5 [22] 0.17 [46] 0.85
Phospholipid

D7PC 1.7 [22] 0.2 [22] 1.9 [22] 0.38
Steroid

CHAPS 6.9 [22] 0.6 [22] 10 [22] 6

4The values of K measured at different detergent concentrations vary by 4-20%, indicating the experimental error and also possible

variation of K with the detergent concentration.
Critical aggregation concentration to lamellar structures.

concentration (C% < CMC), it will partition into the
membrane without disrupting it. The physical prop-
erties of the membrane will gradually change as the
surfactant accumulates and the thermodynamic
properties may also change with the membrane com-
position. In the following we shall discuss (i) relevant
models to quantitatively describe the partition equi-
librium of a surfactant between the aqueous phase
and the membrane (called, for short, ‘membrane par-
titioning’) and (ii) the calorimetric analysis of the
partitioning equilibrium.

3.1. Partitioning models

Let us consider a surfactant-membrane partition
equilibrium such that npp moles of surfactant are

incorporated into the membrane, npy moles are in
the aqueous phase, and n%:anb'*'l’lD?f is the total
amount of surfactant. If the membrane is made up
of nOL moles of lipid, Ry, = nD,b/n% 1s the molar ratio of
membrane-inserted (‘bound’) detergent to total lipid.
The concentration of surfactant in the aqueous phase
of volume V'is Cpy=npy/V.

The mole-ratio partition coefficient K used by
Schurtenberger [9] describes a linear relation between
the concentration of surfactant free in solution, Cpy,
and the surfactant-to-lipid ratio Ry:

Ry = KCpys (1)
The partition constant K has the dimension of a

reciprocal concentration. Typically, water is much in
excess over lipid. If npyp and n) are referred to the
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total volume V of the aqueous phase with
Cpp=npyp/V and O =n?/V, Eq. 1 can be rewritten
as

— — KCp¢ (2)

Taking into account mass conservation
(C) = Cpp+Cpy), a third way to describe this equi-
librium is

, K}
C'D.,b - CD] + KC% (3)
Note that almost complete incorporation of the
surfactant into the membrane is realized if K C) > 1.
The mole fraction partition coefficient P [10] is
based on the assumption of ideal mixing of surfac-
tant and lipid in the membrane, implying:

Xy, = PX; (4)

where Xy, =np p/(npp+n)) and X; = np/(np c+ny) are
the mole fractions of surfactant in the lipid and the
water phase, respectively. For dilute surfactant solu-
tions, water i1s much in excess over surfactant, i.e.,
ny>npy. If all compounds participating in the equi-
librium are furthermore referred to the same volume
V, Eq. 4 can be stated as

Xy, = PCpys/Cy (5)

where C,, =55.5 M is the molar concentration of
water. The partition coefficient, P, as defined by
Eq. 4 or 5 is dimensionless. Some authors omit the
constant factor Cw [11,12] so that the partition co-
efficient is given in M~

The partition constants of the two models, K and
P, are related to each other via

P Cpy P
K=—(1+—22)=_—(1+R 6

If P is constant, K will vary with the membrane
composition and vice versa. At low detergent concen-
trations in the membrane (Rp, < 1), the two models
differ only by the constant factor Cyw =55.5 M.

Most systems studied so far differ markedly from
ideal mixing so that a constant P according to Eq. 4
fails to describe the partitioning adequately. This fact
has been explained qualitatively [13] and quantita-
tively [7,14,15] in terms of statistically abundant, un-

favorable detergent/detergent interactions. The sub-
sequent variation of the partition coefficient is
described in terms of the non-ideality parameter p°
according to:

P(Xyp) = P(O)-exp{—%-(l—Xb)z—l} =

. _PO. _y.\2
Pl1yexp{ ~-(1-Xi | )

P(0) is the partition coefficient for the pure lipid
membrane with almost no surfactant, P(1) describes
the hypothetical situation of a pure detergent mem-
brane.

Eq. 7 leads to a two-parameter fit of the experi-
mental data whereas Eq. 1 and 4 allow the adjust-
ment of a single parameter only. A schematic com-
parison of the three models, i.e., Eq. 3, Eq. 4, and the
combination of Eq. 4 with Eq. 7 is given in Fig. 3.
The mole fraction of bound detergent, X}, and the
detergent-to-lipid ratio, Ry, are plotted as functions
of the free detergent concentration, Cpr. The param-
eters (K=1000 M™!; P=K-Cw=55.5%10%) were
chosen such as to yield identical binding isotherms
at low surfactant concentrations. The interaction pa-
rameter p’=—0.4 kcal/mol was taken from experi-
mental measurements with C1,EO,, (n=3..8) and oc-
tyl glucoside [14,16]. In Fig. 3A, the mole fraction X}
is shown as a function of Cpys. Eq. 4 predicts a
straight line while the two other models yield curved
binding isotherms with lower X}, values. Fig. 3B rep-
resents exactly the same data in the form of a Ry, vs.
Cps plot. In this representation Eq. 1 yields the
straight line. The most conspicuous result of Fig. 3
is the almost perfect coincidence between the R, = K
Cps and the Xp=P(Xp) Cps model. The term
(1+Rp) which transforms P into K (cf. Eq. 5) is a
very good approximation for the exponential term in
Eq. 7 with p’=-0.4 kcal/mol which is based on
theory and validated experimentally. Thus, the physi-
cally most realistic of the three models degenerates
fortuitously into Eq. 1.

Experimentally it is indeed found that the approx-
imation K =const. is a much better approximation
than P=const. for a large number of non-charged
lipid—surfactant systems. As an example we select
the partitioning of octyl glucoside into bilayers of
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)



74 H. Heerklotz, J. Seelig /| Biochimica et Biophysica Acta 1508 (2000) 69-85

which has been investigated with ITC by Blume and
co-workers and has been analyzed in terms of Eq. 4
[14]. At 27°C the partition coefficient P was found to
decrease from P=5600 at Xy, =0 to P=2250 at
X, =0.6 (Fig. 8 in [14]). Using Eq. 6 and taking
into account that X, and Ry, are related to each other
according to

Ry Xy

X - R =
b 1+ Ry and Ry 1— Xy

(8)

we calculate K(Xp=0)=15600/55.5=101 M~! and
K(Xp =0.6)=2250/(55.5(1-0.6))=101 M~!. Thus
while P varies by a factor of 2.5, the description of
the same data in terms of Eq. 1 leads to a constant K
over the whole concentration range investigated.

The two partition constants K and P differ in that
K ‘counts’ the bound detergent only in relation to
lipid, whereas P ‘counts’ the detergent in relation
to both lipid and bound detergent. If K=const.
yields a better description of the experimental results
than P =const., it can be argued that detergent—de-
tergent interactions are weak and that only lipid—de-
tergent interactions have a favorable energy. The
model of regular solutions leads to the same qualita-
tive conclusion since p’ = —0.4 kcal/mol is negative,
favoring lipid-detergent interactions over detergent-
detergent and lipid-lipid contacts.

The literature on detergent-membrane partition
models is quite complex not only because different
models are used but also because ‘concentrations’ are
measured in different units. A more comprehensive
comparison of models and definitions can be found
in Lasch [17]. Finally, not only K or P may vary with
the membrane composition but also the partition en-
thalpy [15,18].

3.2. Surfactant-into-membrane partitioning measured
by ITC

In the following we describe the ITC ‘bread-and-
butter’ experiment to quantitatively measure the sur-
factant partitioning into the lipid membrane. The
partition constant, K, and the heat of transfer,
AHY™®, of a surfactant from the aqueous phase (w)
to the bilayer membrane (b) can be determined si-
multaneously. Fig. 4 shows the titration of Ci(EO;
with phospholipid vesicles composed of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) (data
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Fig. 3. Comparison of different partition models. The molar de-
tergent-to-lipid ratio in the membrane, R,=npp/n! (A), and
the mole fraction, Xy, =npp/(npp+nl) (B) are plotted vs. the
concentration of free detergent, Cpy. The traces correspond to
the partition model (Eq. 1) with K=1000 M~! (solid lines), the
mole fraction model Eq. 4 with P= C-1000=155'500 (dashed),
and the regular solution model Eq. 7 with P(0)=55'500 and
p®=—400 cal/mol (dash/dot) (Cy, =55.5 M~ !2molar concentra-
tion of H,0). All three models merge at very low detergent
contents, i.e., Ry, Xp = 0. The regular solution model (Eq. 7)
p?=~—400 cal/mol (as measured for a variety of detergents),
yields partition isotherms which agree almost perfectly (for not
too high Ry values) with the assumption of a constant K= P(0)/
55.5. In panel A, the mole fraction model Xy, =PCpy yields a
straight line and the partition model is curved, in panel B the
opposite holds true. In our experience (using isothermal titra-
tion calorimetry) most detergents follow the partition model
(Eq. 1) at low detergent concentrations.

taken from reference [8]). The phospholipid vesicles
have a diameter of ~ 100 nm, are unilamellar and
have been prepared by extrusion. The calorimeter
cell contains the surfactant at a concentration
C% =150 uM which is much below its CMC =850
uM. The lipid concentration in the injection syringe
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Fig. 4. Titration of CjpE0; with 100 nm POPC vesicles. (A)
Calorimetric traces (heat flow) observed upon addition of
POPC vesicles (C‘ﬂ =10 mM) into 150 uM C,oE07, both in buff-
er (100 mM NaCl, 10 mM Tris, pH 7.4). Ten-ul injections of
lipid vesicles at 6-min intervals. (B) Cumulative heats of reac-
tion as obtained from the integration of the calorimetric traces
shown in A. The right axis yields the concentration of mem-
brane-bound detergent calculated with Eq. 11 and AH}™®=6.5
kcal/mol. (C) Heats of injection, 84;, of the data shown in pan-
els A, B (O) and of a second experiment, i.e., 250 uM C;oE0;
titrated with 14.8 mM POPC (@). The solid lines correspond to
theoretical fits using the partition equilibrium X, =K Cpy. The
fit parameters were K=770 M~! and AH¥ " =6.5 kcal/mol.

is ) =10 mM. Each injection of lipid vesicles leads
to partitioning of detergent into the membrane and
produces a heat of reaction &/; (corrected for dilu-
tion effects). As the lipid concentration in the calo-
rimeter cell increases, the reaction enthalpies 6/; de-
crease in magnitude as less and less detergent is
available for binding (Fig. 4A). The partition iso-
therm can be derived from the heats of reaction

and can be analyzed in terms of the models discussed
above.

This analysis is particularly simple for the partition
model Eq. 3. After i lipid injections the molar
amount (concentration) of bound surfactant in the
calorimeter cell is np (i) (Cp p(i)) and the cumulative
heat released is

Zéhk = }’l]g)bA Hgab = AH%Hb C](S),b Vcell (9)
k=1

Y e e 10
= AHE Ve Co e 1)

where C)) and ) =i8C? are the total detergent and
lipid concentration, respectively, in the calorimeter
cell after 7 lipid injections.

Thus it is possible to evaluate K and AH};~® simul-
taneously by a fit of the measured cumulative heat
(Fig. 4B) [19-21]. If AHY~® is known, the cumulative
heat can be directly converted into the bound
amount of detergent using (cf. right axis in Fig. 4B):

i
S s
() _ k=1
CD,b = AHgﬂb Vcell (11)
As an alternative to Eq. 10 it is possible to fit the
individual 8h; as a function of CV [7,14,22]. If the
lipid concentration in the measuring cell is increased
by steps of 8C?, derivation of Eq. 3 predicts a change
in the concentration of bound detergent of

K 0

sc —c0___ = __§5C 12
PO TR 4 kCY )2 (12)

with €Y =i 8CY. The corresponding heat of injection
is

K

Shi=COAHY Ve
PEHD Pl K S C0)2

s5CY (13)

The simulation of 84; is shown in Fig. 4C for the
experimental results of two different detergent con-
centrations CY, using the same set of parameters K
and AHY". The fitting of the 8k; values is usually
better than fitting of the integrated curve. Integration
introduces smoothing of the curves. The curvature of
the &4, plots is more pronounced.

As mentioned above the injection of a lipid sus-
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pension leads to a small dilution of the initial deter-
gent concentration in the measuring cell, e.g., 20 in-
jections with Vi;; =10 pl increase the initial volume
of Veen~1 ml cell by some 15-20%. With each in-
jection the detergent concentration in the cell de-
creases by a factor of Vee/(VeentViyj) leading to a
total dilution of (Ve > Vigj)

0 /- 0 Vcell i’ 0 Vcell
CD(l) B CD <Vcell + Vinj) - CD Veen + iVinj (14)
Other correction protocols are also conceivable
which depend, in part, on the specific operating
mode of the calorimeter used. The dilution effect
must also be included in the evaluation of the /lipid
concentration.

3.3. Asymmetric membrane insertion of surfactant

In the above examples it was tacitly assumed that
all lipid € would be available for surfactant parti-
tioning. Indeed, most neutral detergents can easily
translocate from one halflayer to the other. On the
other hand, it is known from isotope labeling experi-
ments that some detergents bind asymmetrically to
the membrane, i.e., they insert only into that half-
layer which is accessible to them from the respective
aqueous phase [23]. At first glance, ITC measure-
ments appear not to be useful to differentiate be-
tween the two situations. Inspection of Egs. 3 or
11-13 reveals that it is the product K ! (or K
8C?) which determines the shape of the binding iso-
therm. Any pair (K/); (y CY) is equally well suited to
fit the experimental data. If a detergent binds only to
the outer monolayer of a sonicated lipid vesicle of 30
nm diameter, 60% of the total lipid is available and
the asymmetry parameter is ¥ = 0.6. The binding con-
stant increases correspondingly from K to K/y. For
vesicles with larger diameters both halflayers contain
an equal number of lipid molecules and the asymme-
try parameter is y =0.5.

The mode of binding can however be deduced by
combining the binding assay discussed above with a
release assay [24]. In the latter, lipid vesicles are pre-
pared in buffer that also contains detergent, leading
to a symmetric distribution of detergent molecules in
both halves of the membrane. If these vesicles are
injected into pure buffer, detergent molecules must
be released from the membrane to establish a new
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Fig. 5. Detergent release experiment. POPC vesicles (€Y =10
mM, diameter d=100 nm) are prepared by extrusion in a solu-
tion of 1 mM CjoEO;. The detergent is distributed evenly
among the two halves of the bilayer. The mixed lipid—detergent
vesicles are filled into the injection syringe. Ten-ul injections
into buffer are made. (A) Heat flow /;. (B) Heat of dilution
and detergent release from the membrane. Solid line: theoretical
prediction using Eq. 15 with y=1 (i.e., rapid flip-flop), K=770
M~! and AHY™®=6.5 kcal/mol as obtained in Fig. 4. Dotted
line: y=0.5 (no flip-flop), other parameters identical.

equilibrium. However, if the detergent cannot trans-
locate rapidly across the membrane, 40-50% of the
vesicle-bound detergent will be entrapped in the in-
ner monolayer and is thus not available for ex-
change. A comparison of the binding and the release
experiment then allows a decision of the two types
of models, i.e., either with flip-flop or without flip-
flop. Only one of the models leads to a consistent set
of parameters K and y. The evaluation of the parti-
tion enthalpy is not influenced by the detergent flip-
flop.

As an example, Fig. 5 shows this dilution experi-
ment for lipid vesicles composed of 10 mM POPC (1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and
1 mM surfactant (C;(EO7) and prepared by extru-
sion through 100 nm polycarbonate filters. In the
starting solution, 98% of the detergent is mem-
brane-bound (K=770 M~!). After a 140-fold dilu-
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tion (10 pl injection into 1.4 ml buffer) Eq. 3 predicts
that 35% CjoEO7 remains membrane-bound, if rapid
translocation is assumed, but that 73% remains
bound without a flip-flop. The experimental data
agree with the rapid flip-flop model.

Subsequent injections lead to smaller heats because
less detergent is released with increasing lipid concen-
tration. The analysis of the complete titration curve
based on the mole fraction model with a constant P
(Eq. 4) has been derived in [24]. However, according
to our experience, detergent partitioning into mem-
branes is often better described by Eq. 3 with a con-
stant K than by Eq. 4, and the corresponding fit
function for the release experiment based on Eq. 3
is given by:

KyC?
— |5V D S5C0.

0 Syr
(1 KyCL 0 KyCL syr):| 'AHgHb'Vcell (15)
+KyC] 1+KyCy

Here C)) and C}3" denote the total detergent con-
centration in the cell and in the syringe, respectively.
Note that Eq. 15 is a generalization of Eq. 13 as both
QY and C)) are varied in Eq. 15 whereas only ¥ is
varied in Eq. 13. For 8C% =0 (partitioning experi-
ment), both equations differ only by the factor ¥
Fig. 5 shows that all data agree very well with the
theoretical curve calculated according to Eq. 15 using
y=1.

It should be noted that non-permeating detergents
may exhibit a more complex behavior, e.g., if perme-
ation is neither fast (y=1) nor slow (y =0.5) but has
an intermediate rate. Furthermore, tensions arising
from asymmetric expansion or shrinking of the mem-
brane may also affect AH¥~" and K.

3.4. Measurement of the surfactant—-membrane
partition enthalpy AHY™"

A fit of the titration isotherm yields the partition
constant K and the partition enthalpy, AHY~". This
approach is based on a particular model for the
binding process. A model-independent evaluation of
AHBHb is possible for detergents with sufficiently
large partition constants and experimental conditions
such that an almost complete (>95%) binding of

detergent to the lipid vesicles can be achieved. Two
experimental approaches are possible. The first is a
lipid-into-detergent titration as shown in Fig. 4 where
the final injections yield zero &h; values. At the end
of this titration, almost no detergent has remained
free in solution and the molar amount of bound
detergent is virtually identical to nD,b=C% Veell.
The cumulative heat is S 8/ and the reaction
enthalpy is given by

N
AHY® =Y "8hi/(ChVeen) (16)
i=1

The second type of experiment is a detergent-into-
lipid titration, i.e., the reverse experiment as de-
scribed above. Now the calorimeter cell contains
the lipid dispersion and a small amount, on, of de-
tergent is injected. If the partition constant and the
lipid concentration are high enough, practically the
total amount of injected detergent is immediately in-
corporated into the membrane. The reaction enthal-
py is thus AHY " =8h;/6n and the partition enthalpy
is determined in a single injection. Consecutive
injections should yield identical results (cf. [18], Fig.
2).

3.5. Other partitioning experiments

The ITC protocol developed by Zhang and Rowe
[25,26] is based on the of injection of a lipid/solute
mixture of fixed composition into solutions of differ-
ent solute concentrations. If the free solute concen-
tration in the syringe is lower than the concentration
in the cell, further binding to the membrane will
occur after injection. If the free solute concentration
in the syringe is larger than that in the cell, a solute
release will be observed. Binding to or release from
the membrane are accompanied by heats of opposite
sign. Only if the equilibrium concentration of solute
in the syringe matches the solute concentration in the
cell, no heat will be measured. Since the solute con-
centration in the cell is known, one point of the bind-
ing isotherm is thus determined and the correspond-
ing partition coefficient K can be calculated. No
assumptions regarding the constancy of K and
Avaﬂb must be made and the protocol can be ap-
plied also to systems with very low partition coeffi-
cients.
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Fig. 6. Schematic phase diagram for lipid—surfactant system at concentrations of the order of the cmc (left panel) or far beyond the
cmc (right). The phase boundaries ‘sat” and ‘sol’” separate the lamellar phase (L) and the micellar phase (L), respectively, from a co-
existence range (shaded, L,+L;). G35} is the minimum concentration of free detergent to induce bilayer disruption. The typical ITC
protocols are illustrated as arrows. The membrane solubilization (‘S’) and membrane reconstitution (‘R’) protocols should be per-
formed at concentrations far above the cmc (right panel). Then, the phase boundaries can be determined by a single experiment cross-
ing the phase boundaries ‘vertically’ (solubilization protocol, ‘S’) or ‘horizontally’ (reconstitution protocol, ‘R’), because the intercept,
C3%., becomes negligible. The tilt of the arrows from the vertical/horizontal describes the effect of the sample replacement by the ti-

trant.

Another approach has been described by Lichten-
berg and coworkers [27]. They injected buffer into
lipid/detergent mixtures and detergent was released
from the mixed membranes or micelles to establish
the equilibrium detergent concentration also in the
added volume increment. Assuming that the heat of
release, AHY~°=—AH},~® is identical to the heat of
demicellization, AHJ ™", the free detergent concen-
tration can be deduced. However, this assumption
must be considered with some caution and is only
approximately true. Furthermore, the protocol is re-
stricted to surfactants with a high water solubility
(low K) and requires titrations of large volumes, in-
troducing an additional source of errors.

4. Membrane solubilization
Membrane solubilization is usually achieved when
the detergent concentration approaches the critical

micellar concentration. In the following we discuss

e the phase diagram
e the ITC measuring protocols

4.1. The surfactant-lipid phase diagram

If a surfactant solution of concentration
C% > CMC is titrated into a suspension of phospho-
lipid bilayers, the surfactant will initially partition
into the membrane forming a mixed lipid—surfactant
bilayer. With each injection the concentration of sur-
factant in the membrane increases until a critical
limit Cj%' is reached at which the bilayer will no
longer tolerate further detergent and will start to
disintegrate. Then, mixed lipid—surfactant bilayers
are in equilibrium with lipid-surfactant micelles (bi-
layer-micelle coexistence range). As the surfactant
concentration is increased even further, this equilib-
rium is shifted towards the micellar structure until a
second phase boundary is reached at ngl beyond
which the bilayer structure can no longer be main-
tained. At C% = C¥!, mixed lipid-detergent micelles
are found in equilibrium with detergent monomers.
If the experiment is performed at different lipid con-
centrations, it is possible to construct a phase dia-
gram as shown schematically in Fig. 6 (cf. [12]).
The axes in this diagram are the total detergent con-
centration CY) and the total lipid concentration, C?.
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The solid lines are the two phase boundaries, yielding
the detergent concentrations Ci&* and C}! for a given
lipid concentration C¥. The titration with surfactant
corresponds to a movement parallel to the y-axis in
Fig. 6. The phase boundaries Cj' and Cslgl can easily
be detected since discontinuities are observed in some
spectroscopic parameters (e.g., turbidity) or the heat
of reaction (cf. below) at these characteristic concen-
trations (cf. [28]).

Experimentally, a linear variation of C}' with the
total lipid concentration is observed. Since
C% =Cpp+Cpys and Ry = CD,b/Cg, the detergent con-
centration at the onset of solubilization, C¥', is given
by

Cit = RE-CY + O (17

Eq. 17 predicts that a Gt vs. €Y plot intersects the
y-axis at C“Sff, 1.e., the minimum critical monomer
concentration needed to disrupt the bilayer, and
has a slope of R, the limiting ratio of detergent-
to-lipid for a stable bilayer. Using Eq. 1 in the form
of Ry = KX (3 it is also possible to determine K. A
similar equation to Eq. 17 is also valid for the C}!
curve.

To a first approximation, the coexistence range
may be considered a 3-phase range in terms of the
Gibbs phase rule. Then, the compositions of each
phase were constant and only the total numbers of
vesicles and micelles would vary. Hence, the mem-
brane composition remains R, the surfactant to
lipid ratio in the micelles amounts to R} and
the monomer concentration is constant so that
G = Sl Experimental studies have suggested
that the monomer concentration increases slightly
in the course of solubilization so that C§f < ng}f
[14,29]. This effect has recently be accounted for by
the finite size of the micelles [30] which is in conflict
with the phase properties the phase rule is based
on.

From an experimental point of view it may be
advantageous to start with a detergent solution at
concentration C) and to add successively lipid, i.e.,
to reverse the order of the experiment described
above. This corresponds to a horizontal movement
in the phase diagram of Fig. 6. If C%> Cg!, the
detergent will initially completely disrupt the added
bilayers and mixed lipid-detergent micelles are

solubilization
1 .
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w
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Fig. 7. Titration protocols as exemplified with C;,EO; and
POPC vesicles. (A) Titration of 5 mM POPC with 100 mM
C;pEO5. (B) Titration of 4.9 mM C;,EO; with 15 mM POPC.
Data taken from [15].

formed. Next, as the lipid content increases, micelles
will be found in coexistence with membranes, and
finally, at a sufficiently high lipid concentration, mi-
cellar structures will cease to exist and only the bi-
layer phase remains. The phase boundaries will again
be reflected in discontinuities of the experimental pa-
rameters.

4.2. The ITC solubilization experiment

The solubilization protocol [7,14,31,32] is based on
the injection of detergent at or above the CMC into
a vesicle suspension, in order to determine the heat
of transfer of a detergent molecule from the micelle
to the bilayer, AH‘gHb, and the phase boundaries.

With each injection, dnp moles of detergent are
added to the phospholipid dispersion and the corre-
sponding heat, 8/;, is measured. For a detergent with
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a large partition constant K and a sufficiently high
lipid concentration an almost complete binding of
the added detergent occurs and the molar heat, dh;/
dnp, can be plotted as a function of the mole fraction
of detergent in the membrane. This is shown in Fig.
7A for the titration of 100 nm POPC vesicles (C) =5
mM) with C;,EO; detergent (C3 =100 mM) [15].
The lamellar, coexistence and micellar ranges are in-
dicated by endothermic, exothermic, and endother-
mic heats of titration, respectively, as explained in
detail below.

4.2.1. Lamellar range

The equilibrium detergent concentration in the cell
during the first few injections remains lower than the
critical concentration, CSS}, needed for membrane
solubilization. Hence, the micelles disintegrate into
monomers which are incorporated into the lipid
membranes. The observed reaction enthalpy,
AHB™®, is given as the sum of the enthalpy of demi-
cellization, AH5 ™Y = —AH}~™, and the partition en-
thalpy of monomer detergent from water to the bi-
layer, AH}Y~°:

oh;

51’1])

= AHD " (Xy) = AHY °(Xp)—AHYS™  (18)

The bilayer partition enthalpy can be dependent
on the mole fraction of detergent in the membrane
[7,14,15,18]. In the experiment shown in Fig. 7A the
reaction enthalpy is initially 3.0 kcal/mol at a very
low detergent content in the membrane and decreases
linearly to about 2.0 kcal/mol at the onset of bilayer
disintegration.

4.2.2. Bilayer—-micelle coexistence range

With consecutive injections the free detergent con-
centration increases until a critical concentration of
G4 is reached with a corresponding mole fraction of
bound detergent, X{*'. At this concentration, the
mixed lipid-detergent bilayers start to disintegrate
and form mixed lipid—detergent micelles. The onset
of bilayer solubilization is reflected in a distinct
change of the heats of reaction making ITC a sensi-
tive and convenient tool to determine the phase
boundaries, X3, and also, X;"l (cf. below). Accord-
ing to the phase rule approximation (cf. above), the
heats of titration, &k;, are supposed to be constant
over the whole coexistence range [7].

e
MWMMC i

i,

Fig. 8. Titration calorimetry of octyl-B-pD-glucopyranoside
(CsGluc) solutions with sonicated POPC vesicles (Cp ~35 mM;
buffer: 10 mM Tris (pH 7.25), 100 mM NaCl; T=28°C; vesicle
diameter ~30 nm). Each peak corresponds to the injection of
10 pul of lipid suspension into the reaction cell (Ve =1.3353
ml). The concentration of CsGluc in the reaction cell was
(A) 15 mM, (B) 16 mM, (C) 17 mM, (D) 18 mM, (E) 20 mM,
(F) 22 mM. Upward peaks denote endothermic reactions. From
[34].

4.2.3. Micellar range

At detergent concentrations CDECSSI (Xsb"]) no
vesicles are left and only mixed micelles occur in
the sample. At this phase boundary, the heat of ti-
tration changes again abruptly. Injected detergent
micelles equilibrate with lipid-detergent micelles,
causing only small heat effects. Under certain condi-
tions, ellipsoidal or rod-like micelles are transformed
into spherical micelles upon increasing the detergent
content (i.e., decreasing lipid content) [33] giving rise
to additional endothermic heats.

4.3. The lipid-into-detergent ITC experiment

The second titration protocol starts with detergent
in the calorimeter cell and phospholipid bilayers are
successively added. It corresponds to a movement
parallel to the x-axis of Fig. 6. The outcome of
such a titration is illustrated in Fig. 7B for the titra-
tion of C,EOQ; with POPC [7] and in more detail in
Fig. 8 for octylglucoside [34]. In the latter figure
sonicated POPC vesicles are injected into a solution
of octylglucoside (cf. also [14,27]). The simplest sit-
uation is encountered when the detergent concentra-
tion 1is distinctly below the CMC of CgGluc
(CMC=22.6 mM at 30°C, [6,35]) as shown in 8A.
Each injection leads to incorporation of surfactant
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Fig. 9. Comparison between experimental titration curves and
theoretical predictions based on the partition model X, =K
Cpy. The open circles are the experimental titration peaks
Ohy =hi—hg; as measured in Fig. 8 (4;) and corrected for dilu-
tion effects (h4;). The solid lines are calculated with the parti-
tion model (Eq. 3): (A) CsGluc concentration C% =15 mM,
simulation parameter K=90 M~!, AH%=1.7 kcal/mol; (B)
Y =16 mM, K=90 M, AHY~°=1.75 kcal/mol; (C) Cy =17
mM, K=84 M™!, AH%""=1.77 kcal/mol; (D) C% =18 mM,
K=90 M~!, AHgﬂb: 1.695 kcal/mol; (E) C%=20 mM, K=88
M~ AHE™®=1.71 kecal/mol; (F) C%=22 mM, K=85 M|,
AHY™® =1.67 kcal/mol. From [34].

and produces an endothermic heat of reaction which
decreases smoothly with consecutive injections. With
each lipid injection the concentration of free deter-
gent is reduced, less detergent is available for bind-
ing, and the experimental heat of reaction decreases.
This experiment is quantitatively described by the
partition equilibrium (Egs. 3 and 13).

At higher surfactant concentrations (C} > 16 mM)
a more complicated titration pattern appears which
can be formally divided into three distinct regions.
For the first N injections, the endothermic heat of
reaction decreases monotonously. At step N+1, the
reaction enthalpy shows a discontinuity. This second
phase of the titration experiment comprises again
about N injection steps. The reaction enthalpy drops
close to zero and a fast endothermic and a slower

exothermic reaction can be discerned. The endother-
mic enthalpy then increases in magnitude and dom-
inates the reaction toward the end of phase II. The
third phase is characterized by a smooth decrease in
the reaction enthalpy.

The explanation of this complex titration pattern
is given in Fig. 9. The basic process is CsGluc parti-
tioning into the membrane which is endothermic
with AHE~°=1.75 kcal/mol and described by the
partition equilibrium (solid line in Fig. 9). The devi-
ations from the theoretical line arise from membrane
disintegration and membrane formation. During the
first V injections, the endothermic heat due to deter-
gent partitioning is enhanced by a second endother-
mic process which must be ascribed to a transforma-
tion of mixed lipid—detergent bilayers into mixed
micelles. If the detergent concentration in the cell is
close to or above the CMC, CgGluc partitioning is
followed by membrane disintegration and mixed
CgGluc/POPC micelles are in equilibrium with
CgGluc monomers. This process is characterized by
an endothermic micellization enthalpy of AH = +1.85
kcal/mol. After N injections the process of micelle
formation comes to a halt. The concentration of
free detergent is no longer large enough to disrupt
the bilayers. In fact, addition of further lipid will
reverse the process of micelle formation. The concen-
tration of mixed lipid—detergent micelles will decrease
in favor of the formation of mixed bilayers and the
enthalpy consumed in bilayer — micelle transition
will be returned. The exothermic enthalpy of bilayer
reconstitution, AH = —1.85 kcal/mol, is superimposed
on the endothermic partitioning. The third phase of
the titration experiment then corresponds to a pure
partitioning since no mixed micelles exist after about
2N injection steps.

The partition coefficient of octylglucoside (Cg
Gluc) is K=120 M~ and a considerable fraction
of the detergent is present as monomers during the
whole titration experiment. In contrast, the partition
coefficient of C;,EQ; is K=12x10°> M~! and the
detergent monomer concentration is negligible.
Under conditions of strong detergent binding it can
be useful to normalize the heats of reaction, &/;, by
the molar amount of injected detergent dnp as shown
for the C;;EO;—POPC system in the middle panel of
Fig. 7. Again the normalized heat of reaction is plot-
ted as a function of the mole fraction of detergent in
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the lipid-detergent system. The titration starts at
Xp=1 (only C;2EO;7 is in the calorimeter cell). As
the injected phospholipid vesicles are converted into
mixed micelles, AHp varies considerably until the
bilayer-micelle coexistence phase is reached where
AHp remains constant over the whole coexistence
range.

5. Thermodynamic parameters of
surfactant-membrane partitioning

Thermodynamic data for the partitioning of non-
ionic surfactants into POPC membrane vesicles are
summarized in Table 1. Most ITC results were ob-
tained with ~ 100 nm vesicles (prepared by extrusion
through polycarbonate filters). For octylglucoside
comparative measurements were made with 30 nm
vesicles (prepared by ultrasound sonication) [21].
No difference in AHY~" and K were found for the
two types of vesicles. (This is distinctly different from
ITC studies with peptides and proteins where
strongly exothermic reaction enthalpies are measured
for 30 nm vesicles but much less exothermic or even
endothermic AHY;~® values for 100 nm vesicles [36—
38)).

All partition enthalpies are endothermic and are of
the order of AH};~° ~2-4 kcal/mol. Table 1 reveals a
weak dependence of AHY™® on the length of the
hydrocarbon chain. The surfactants with shorter hy-
drocarbon chain have the more endothermic AHY,~®
for a given headgroup. A better documented corre-
lation is seen between the partition enthalpy and the
size of the headgroup. The comparison of the surfac-
tants C,EO, with n=3..8 shows an increase in
AHY™® by about 1 kcal/mol per ethylene oxide
unit. Likewise, the change from the glucose head-
group to the larger and more polar maltose head-
group increases AH})~® by 1-2 kcal/mol.

The temperature dependence of the partition en-
thalpy has been measured for octylglucoside (Cg
Gluc) [21], octylthioglucoside (Cg TGluc) [18,21],
and C3EOg [32]. The partition enthalpy decreases
with increasing temperature and changes its sign typ-
ically somewhat above room temperature. The spe-
cific heat capacity for the transfer from water into
the lipid membrane is negative with AC,=—75 cal/
(mol-K) for Cg Gluc, —98 cal/(mol-K) for Cg TGluc,
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Fig. 10. Membrane partitioning and micelle formation. Double
logarithmic plot of the partition constant K vs. the critical mi-
cellar concentration CMC. The solid line represents the rela-
tionship K*CMC=1. The lower dashed line summarizes the
‘strong’ detergents with R{*'~0.6, the upper dashed line the
‘weak’ detergents which can be incorporated into the membrane
up to detergent-to-lipid ratios of R, ~1.4-1.6. From [22].

and —220 to —170 cal/(mol'‘K) for C,EOg (depen-
dent on concentration).

Reaction enthalpies close to zero and large nega-
tive heat capacities are typical for the transfer of
hydrophobic molecules from the aqueous phase
into an organic environment. For example, the trans-
fer of hexane from water to the organic phase is
characterized by AH’=~0 kcal/mol (at 25°C) and
AC,=—105 cal/(mol‘K) [39]. The partitioning of a
surfactant into a lipid membrane is hence an entro-
py-driven reaction and constitutes a classical example
of the so-called hydrophobic effect. In this model, the
surfactant in the aqueous phase is surrounded by
structured water which is released as soon as the
surfactant enters the membrane. The change in the
dynamics of water adjacent to hydrophobic surfaces
is thought to be responsible for the large negative
heat capacity.

Micelle formation and partitioning into the lipid
membrane are two energetically closely related pro-
cesses. In order to minimize unfavorable interactions
with water, a detergent molecule can either associate
with other monomers to form a micelle or intercalate
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between lipid molecules. The standard free energy of
micellization is

AGE"™™ = £ RTIn(CMC/55.5) (19)

that of bilayer partitioning
AGEY™ = —RTIn(55.5K) (20)

The factor 55.5 corresponds to the molar concen-
tration of water (cf. above) and accounts for the fact
that the concentration of detergent in solution
should be given by its mole fraction rather than by
mol/l [10,40]. At K*CMC=1 both processes have
equal standard free energies.

Micellization, partitioning into membranes, and
formation of mixed lipid/surfactant micelles are
thus expected to be intimately connected [11]. Fig.
10 shows a double logarithmic plot of K vs. CMC
(taken from [22]). The solid line in the diagram has a
slope of —1 and corresponds to K*CMC=1. The
figure shows that a linear relationship can be estab-
lished between the two parameters. In fact, strong
and weak detergents can be distinguished [22].
‘Strong’ detergents are defined by K-CMC<I,
‘weak’ detergents by K*CMC>1. The two groups
are represented by the lower and upper dashed
lines of Fig. 10, which correspond to deviations of
+2 kJ/mol (£0.48 kcal/mol) in standard free
energy. For strong detergents the average value
(K-CMC)=0.6 and the detergent-to-lipid ratio at
which the membranes disintegrate is also about the
same value. ie., R ~0.6. For weak detergents
KCMC~1.8%£0.7 and the saturation limit is
R ~1.76£0.7. For a given length of the hydrocar-
bon chain ‘strong’ detergents have a larger (and
more polar) headgroup than ‘weak’ detergents. The
relationship

1

KN—CMC (21)

allows a rough estimate (within one order of magni-
tude) of the membrane partition constant from the
critical micellar concentration and vice versa.
Future applications of isothermal titration calo-
rimetry may involve the quantitative analysis of do-
main _formation in biological membranes. A variety of
studies suggests that biomembranes contain in paral-

lel domains with lipids in the liquid-ordered state
(Lo) and others in the more fluid, liquid-crystalline
state (Ly). The Ly domain appears to be rich in cho-
lesterol and saturated lipids, the L, domain collects
preferentially unsaturated phospholipids [41,42]. Op-
erationally, the two domains can be differentiated by
their behavior towards Triton X-100 at 4°C. L, do-
mains are insoluble in Triton X-100 (detergent resis-
tant membranes), whereas L, domains are appar-
ently soluble in this detergent. The quantitative
information on domain formation are scarce; like-
wise the reason for Triton X-100 insolubility is also
not well-understood. Since lipid domains (lipid
‘rafts’) are considered to be functional units, regulat-
ing the membrane properties, a quantitative under-
standing of the parameters leading to domain forma-
tion is of biological importance. Isothermal titration
calorimetry could be a convenient tool to provide
such thermodynamic information.
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Abbreviations

Oh; absolute heat of the ith injection
y asymmetry parameter

C molar concentration

CpEOg octa(ethylene glycol) dodecyl ether

Cs-Gluc n-octyl-B-p-glucopyranoside

Cs-TGluc  n-octyl-B-p-thioglucopyranoside

CFB power of the cell heater (adjustable)

CMC critical micelle concentration

i injection index

ITC isothermal titration calorimetry

JFB power of the jacket heater (adjustable)

K mole ratio partition coefficient

n mole number

P mole fraction partition coefficient

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
R gas constant, 8.314 J/(mol K)

Ry mole ratio of surfactant per lipid in the membrane
RO power of the reference cell heater (constant)
rpm rounds per minute

T temperature
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V volume

Xy mole fraction of surfactant within a membrane

AG° difference in molar standard free energy

AH difference in molar enthalpy

AS difference in molar entropy

o° non-ideality parameter

Indices and superscripts

b bound to the membrane

cell referring to the cell

D of the detergent

f free in solution

inj referring to the injection

L of the lipid

sat at membrane saturation (the onset of
solubilization)

sol at the completion of solubilization

syr in the injection syringe

0 total (except AG?)

w of water

w—b upon transfer from water into bilayer

w—m upon transfer from water into micelle

m—b upon transfer from micelle into bilayer
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