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ABSTRACT Isothermal titration calorimetry (ITC) has become a standard method for investigating the binding of ligands to
receptor molecules or the partitioning of solutes between water and lipid vesicles. Accordingly, solutes are mixed with
membranes (or ligands with receptors), and the subsequent heats of incorporation (or binding) are measured. In this paper
we derive a general formula for modeling ITC titration heats in both binding and partitioning systems that allows for the
modeling of the classic incorporation or binding protocols, as well as of new protocols assessing the release of solute from
previously solute-loaded vesicles (or the dissociation of ligand/receptor complexes) upon dilution. One major advantage of
a simultaneous application of the incorporation/binding and release protocols is that it allows for the determination of whether
a ligand is able to access the vesicle interior within the time scale of the ITC experiment. This information cannot be obtained
from a classical partitioning experiment, but it must be known to determine the partition coefficient (or binding constant and
stochiometry) and the transfer enthalpy. The approach is presented using the partitioning of the nonionic detergent C,,EO,
to palmitoyloleoylphosphatidylcholine vesicles. The release protocol could also be advantageous in the case of receptors that
are more stable in the ligand-saturated rather than the ligand-depleted state.

INTRODUCTION
Motivation

In a recent review, White et al. (1998) stressed that partiincorporation and release protocols lead to different kinet-
tioning studies of, e.g., peptides into lipid membranes suffeically entrapped nonequilibrium states (Fig. 1). Conse-
from the fact that “[u]lnfortunately, there is no general way quently, a consistent fit of incorporation as well as release
to establish with certainty the transbilayer distribution of pep-data will be possible only in terms of the correct assumption
tides.” Seelig (1997) defined a correction facjdo rescale the regarding membrane permeability. This approach should be
lipid or receptor concentration to the fraction that is accessibla@pplicable to all kinds of partitioning experiments (cf. White et
to the solute or ligand. However, apart from a few elegantal., 1998)—those that are based on the macroscopic separation
approaches to determiningor special systems (e.g., Wenk et of the vesicles from the aqueous phase or part of it (equilibrium
al., 1997; Lin et al., 1994), the majority of papers thus far haddialysis, centrifugation), as well as titration methods employ-
to be based on reasonable assumptions regasdingnust be  ing, for example, a spectroscopic parameter (CD, fluores-
considered difficult and thus dangerous to make such an asence). Furthermore, it applies to the case of partitioning of
sumption, because a variety of effects and pathways have to lmeolecules into the membrane phase as well as to the specific
taken into account (see below). binding of ligands to membrane receptors.

Idea Isothermal titration calorimetry

Here we present a rather general approach to the transhi the past, ITC (Wiseman et al., 1989) has been established
layer distribution problem. The basic idea is to compare as an important method for the study of partitioning of
sample in which the solute was added “from outside” to asolutes or surfactants into lipid membranes (Seelig, 1997;
vesicle solution with another one, obtained by diluting aHeerklotz et al., 1996; Keller et al., 1997; Opatowski et al.,
vesicle solution preloaded with solute in both the outer andi997: Rowe et al., 1998;: Wenk et al., 1997; Wenk and
inner monolayers. The partitioning data will agree in theseelig, 1998) and the binding of ligands to receptors recon-
case of fast membrane permeation of the solute (comparesiituted into lipid vesicles (Lin et al., 1994). We are aware
to the time scale of the experiment) but differ from eachof only two ITC studies that applied vesicles preloaded with
other if the ligand cannot cross the membrane, because theg|ute, which could also serve to specify the transmembrane
distribution of the additive (although this was not discussed
in the original papers). Zhang and Rowe (1992) performed
Received for publication 8 September 1998 and in final form 1 Februarysing|e injections of vesicles loaded with alcohols into alco-
1999. . . . hol solutions of different concentrations. Vanishing titration
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with different kinetics have to be taken into account. In
addition to the diffusive transport of solutes dissolving to a
significant amount in the hydrophobic core of the mem-
brane, small molecules may redistribute through small, tran-
sient membrane pores arising from density fluctuations in
the bilayers (Jansen and Blume, 1995). The flip-flop rates of
phospholipids in bilayer membranes devoid of proteins are
slow compared to the timescale of ITC experiments
(Yeagle, 1993). Lipids that readily undergo transbilayer
diffusion must have a weakly polar headgroup (Zachovski,

FIGURE 1 Sch , o of the eff i ITC1993). Some amphiphilic dye molecules can be induced to
chematic representation of the effects occurring in the o . ]
cell, using the different protocols (incorporation proto¢oand release undergo fllp. flop, but (_)nly In t_he presence of a transmem
protocol R), both in the cases of the membranes being permeable for th@rane electrical potential (Melikyan et al., 1996). Fast mem-
solute golid arrows or not {dotted arrow$. The incorporation protocoll ~ brane permeation has been reported for non-ionic detergents
of injecting vesicles to free solute leads to a gradual uptake of solute inte;,ch as oligo (ethylene oxide) dodecyl ethers and octyl
the membrane, whereas solute preloaded into vesicle membranes is ri . . .
leased upon injection into buffer (release protoBpl Note that the two &UCOSIde .(Le Mal,re etal., 1987; Wenk et al., 1997). Mol
protocols are reciprocal to each other for permeable membranes but giveCules which can induce membrane leakage or pore forma-
rise to different nonequilibrium statesiddle row) for impermeable ones.  tion can also access the inner monolayer, even if they have
Then, about half of the lipidl] or half of both lipid and prebound ligand large polar groups. An example of this is pore formation by
(R), respectively, are trapped and have to be excluded from consideratioeertain peptides which form amphipathic helices (Matsuzaki
in the fit procedures. .
et al., 1997; Longo et al., 1998; Wenk and Seelig, 1998).
Furthermore, an area expansion of the outer monolayer
relative to the inner one by more than 5%, which can be
suspension Of vgsmles containing octyl qucos@e. The COfcaused by nonsymmetrical incorporation of amphiphilic
responding dilution factors are very small, which restrictsmolecules, exerts a critical mechanical tension, giving rise
this method to solutes with very low partition coefficients. t transient ruptures and, in turn, solute influx to the vesicle
interior (Longo et al., 1998). Finally, solute permeation
Release protocol rates may substantially depend on the packing properties of

) ) . ~ the lipid membranes (Huster et al., 1997).
The protocol introduced here is based on a series of injec-

tions of vesicles preloaded with solute (or of receptor/ligand
complexes) into buffer. First, a 2+ injection into a 1.3-ml
cell will cause a~500-fold dilution of the mixture or
complex, which promotes the release of the solute or Iigan@XPERlMENTAL
into the buffer. During a series of 25 injections, the dilution tp,e lipid palmitoyloleoylphosphatidylcholine (POPC) was purchased from
ratio decreases gradually to 25 because of the increasinganti Polar Lipids (Birmingham, AL), and the detergent hepta (ethylene
concentrations in the cell. We present a model that allows uexide) dodecy! ether (GEO,) was from Nikko Chemicals (Tokyo, Japan).
to fit the partition coefficient and the heat of transfer to the The substances were used without further purification.
decay of the injection heats of one release experiment (cf. POPC was suspended in water by vortexing and subsequent e.xtru.sion
Eq. 7 with 11, 13). Alternatively, the binding constant and {"ugh Nucleopore polycarbonate membranes of 100 nm pore size in a
. LT . Liposofast miniextruder. This procedure was checked to yield essentially
stochiometry and the heat of blndlng can be fitted .tO the dat‘?{omogeneous unilamellar vesicles of 100 nm diameter and to cause no
of one or two release experiments performed with II9an(ﬂsignificant loss of material. The detergent was dispersed in water and
receptor complexes (Eqgs. 16 and 17). vortexed rapidly.
The experiments were done using a MicroCal MCS isothermal titration
calorimeter (ITC) (Wiseman et al., 1989). As recommended by the man-
Example for presentation ufacturer, a prior Il injection was carried out without taking into account

We illustrate th licati f th techni ith the corresponding observed heat, because the first injection is subject to
e tllustrate the application o € new technique wi somewhat larger errors. In the partitioning experiment, a 15 mM POPC

eXperimental data from the partitioning of a nonionic dete.r'vesicle suspension is titrated (14 injections qil3ach) into the calorim-
gent, G,EQ,, between water and palmitoyloleoylphosphati- eter cell filled with a 50uM detergent dispersion. For the release experi-
dylcholine (POPC) vesicles, because the latter system isent, an appropriate amount of POPC is suspended in a 6.4 mEOZ

well established (Heerklotz et al., 1994, 1996). dispersion to a final phospholipid concentration of 15 mM. The mixture is
then vortexed and extruded as described above. This procedure ensures that

the detergent is equally incorporated into both monolayers of the vesicle

Assessing membrane permeability bilayer. The mixed suspension is placed in the syringe and injected into
. . water in 14 aliquots of il each at 5-min intervals.
Generally, reasonable estimatesyoére rather difficult to The fitting procedures were performed using MicroCal Origin with a

obtain, because a variety of possible permeation pathwayser-defined script.
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THEORY in the Appendix, we obtain
General Eq. aD, D, Dy
. : Gobs = Ahp ™+ | XV —= 4 (1= XV — = = =
In accord with the example presented here, we will denote D oL DY+L
the solute by D (detergent) and the lipid by L. We empha- 1 )
il

size that the same derivation holds for the specific binding

of ligands to receptors. whereX®" denotes the total detergent mole fraction in the
The system enthalpld can be written as the sum of the syringe, and the molar detergent transfer heat from water to

partial molar enthalpiek of the components (indices: lipid bilayers isAhSy " = h} — hf. The constanDyY7(DY" +

L and detergent D) in the different environments (superL¥") considers the degree of binding of the solute before the

scripts: bilayers b and water w), weighted with the respecinjection. The ternyy; includes the molar heat of dilution of

tive mole numbers\: the injectant, which can be assumed to be constant and is

measured separately by a blank experiment in most cases.
H=N_-h +Ng-h}+Npg-hy 1)

Note that lipid monomers can be neglected to a very goodhe classic “incorporation” protocol: injecting
approximation, so thad? = N! = N,. One can rewrite Eq. vesicles to a solute dispersion

1 using the molar concentrations of the detergent situated i
bilayers and in waterD,, andD,,, and the lipid concentra-
tion L, respectively, in the volumy"

¥ the syringe contains a suspension of pure lipid vesicles
(X" = 0,DpY" = 0), Eq. 7 simplifies to the known function
for the classic incorporation protocol (Heerklotz et al.,

H=V-[L-h_+ Dy-h + D, -h] ) 1996; Kellgr et al., 1997; equivalently to Seelig and Ganz,

1991; Seelig, 1997):
Let us assumeén?, h3, and h¥ are constants (cf. Errors 2D
section): Oobs = ADE - aT_b + Qi (8)
b Wb ~
ht, hp, hp = const. (3)  The partial derivativeiD, /4L takes account of the detergent

transfer from the water to the membrane during reequilibra-

For the determination of the hed®, arising from the . L - - i
reequilibration after the initial mixing, we have to consider.tlon after an injection. For the partition coefficigRtlefined

a closed system exchanging no material but only heat with!" terms of mole fractions, we find (Tanford, 1981)
the outside. Such a system must include the cell content, the D, W
syringe, and the access tube of the cell, to which some cell P= (D, + L)- (D, — Dy) 9)
content is displaced because of the injection. Tieis
given by the change in the enthalpy content of this systemwith W ~ 55.5 M. Note that alternative definitions (cf.
White et al., 1998; Seelig, 1997; Lasch, 1995) can be treated
Q = AH(cell) + AH(access tubet+ AH(syringe  (4)  analogously. Solving Eq. 9 for the concentration of mem-

) o brane-bound detergenD,, one obtains (Heerklotz et al.,
For the protocols discussed below, the injection volumes ggg: Keller et al. 1997)

are small compared with the cell volume, and the concen-

trations in the cell are low compared to those in the syringe 1
Then we may neglect the enthalpy content of the overflown > ~— 2.p" [P-(D—L)-W (10)
sample:
+ (P?-(D,+L)>+2-P-W- (L — D) + W]
AH(access tube= 0 (5) ) o
and, subsequently, the partial derivative:
An equation for the head is derived in the Appendix. 1
The observed heaty,,,, is normalized with respect to the —°— _ = (11)
total injected mole numbersN, and ANG: AL 2
) 0 ) 0 - 0 — P 2(Dt +L)+W
%obs = AN, + ANj V- (AL + AD) — AV- (L™ + DY) 2: \P?- D+ L +2-P-W- (L= D) + W

(6)

Note that the injected numbers of moles are related to th&he g, are plotted versus the averagecorresponding to
volume of the injectionAV, and the total lipid and detergent the respective injections. The dilution heg;, is estimated
concentration in the syringe.?" and D{") or to the con- by injecting the same vesicle suspension into buffer (or
centration changes of the lipid and detergeat, GandAD,)  water). The total detergent concentrati@®), remains es-

in the sample volumey. Applying Eq. 6 to Eq. 24 derived sentially constant during the experiment because the syringe
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volume is small compared to the cell volume. Hence, Egsand
8 and 11 constitute a fitting model that allows the determi-

nation of Ah%~° andP. D, b K-b-(L-b—D)+b
b 2 2. K- (L-b—Dy)?*+2:K-(L-b+D)+1
(16)
The release experiment: injecting a mixture D, 1 K-(D,—L-b)+ 1
to water P
_ _ o .. Db 2 2- K (L-b-Dy)?*+2-K-(L-b+D)+1
Let us consider an experiment in which the syringe is filled (17)

with a mixture of lipid vesicles and solute prepared in a way

that the solute is evenly distributed inside and outside the

vesicles. The syringe content can be specified in terms oAccessibility coefficients considering
the molar lipid concentration®" and the total detergent membrane impermeability

. syr o .
mole fractionX™".. The cell is filled with buffer (or water). To consider the fact that not all of the molecules are able to

Agaln,h the observlfac_i dnormallzed_ he%; ar(tj—:'elgl)lotted redistribute across the bilayer, we have to replace the total
versu_st € average fip| concentration in the How- _lipid and detergent concentrations by effective concentra-
ever, in this case, the average total detergent concentrati) -« that do not include molecules trapped inside the ves-
D, also varies. Generally, it can be calculated from knowniCIeS substituting
quantities using '
Y Di — oDy (18)
Di=p_xorL 4Dl (12) L=yl (19)

with the initial detergent concentration in the cé?, and At this point, the principal difference between the two
the detergent injected into the cell from the syringe, whichPr0tocols becomes obvious (cf. Fig. 1). Whereas upon lipid

obeys a fixed ratioX®(1 — X*) to the injected lipid vesicle titration to a solute solution (incorporation protocol)
(abscissal). Note thatD? = 0 for the release experiment a! Of_ the solute is free to distributeyf = 1, v = 0.5 for
andX>" = 0 for the incorporation protocol. For the fitting -YV: cf- Fig. 1, middle row, righj, both lipid and solute
procedure we need Egs. 7 and 10 and the derivative of Eq2Y be partially trapped in the case of the release experi-

10 with respect to the total detergent concentratidn, ment, injecting the mixture to wateyg = v_= 0.5; cf. Fig.
1, middle row, lefy. Because of the substitutions in Eqgs. 18

AD, 1 P-(L+D)—W and 19, some of the previously introduced equations (e.g.,
=+ 10, 11, 13, 16, 17) become functions ¢ and vy, , and,
AD, 2 - P2 2 P-W- (L — _ L
! 2+ \P* (D + L)*+2:P-W- (L - Dy +(\i\§) thus, the results of the fit procedure depend on the assump-
tion of whether the membranes are permeable for the ligand.

Binding behavior according to the mass RESULTS AND DISCUSSION
action law

The equivalent approaches can be made for the specifiléxample C1.EO,/POPC

binding of ligands to receptors and other systems obeyingig. 2 shows the data measured by means of the incorpo-
the mass action law. In this cade stands for the concen- ration protocol ¢ircles and of the release protocol
tration of the receptor that binds upltdigands, andD, and  (squarescorresponding to two attempts). The experimental
D,, stand for the concentrations of bound and free ligandparameters are displayed in Table 1.

respectively. Then the concentration of free binding sites is A direct fit of v, and+y, to the experimental data of both
L-b — Dy, and that of free ligand i®, — D,,, so that we find  incorporation and release protocols is theoretically possible

for the mass action law, but technically somewhat difficult, because both data sets
are described by the same function but with different values
K Dy (14) for yp. Instead, we are going to show that a consistent

evaluation of all data is only possible based on the correct
assumption regarding the membrane permeability. We per-
with the binding constanK. Analogously to Eq. 10, one formed separate as well as a simultaneous fitting evaluation
obtains of the data sets according to Eq. 7 with Egs. 10, 11, 13, 18,
and 19.
The incorporation data alone can be modeled quite well
(15) in terms of the parameter sets, assuming both permeable or
impermeable membranes (cf. Table 1, experiment I). The
—\K?-(L-b—D)?*+2:K-(L-b+D) + 1] two fits correspond to essentially the same curve (not

“(L-b—Dy - (D,— Dy)

1
Dbzﬁ'[K'(L‘b'f'Dt)'Fl
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8 TABLE 1 Experimental setup
Experiment R | R +1 12
64
setup
) incorporation exp. X 03 0 0
3 4 LSy mM 15 15 15
= \ Do uM 0 50 120
T 2 . .
o Fit assuming permeable membrane
3 Y 1 1 1 1
g 0 Yo 1 1 1 1
& P 10° 3.3 29 31 2.0
é 2] Ah%™®  kJ/mol 23.3 22.9 22.6 23.3
E . I X Corresponding to cell contents
-4 - release exp. Xe mol-% 6-18 20-8 29-13
°§ D, uM 15-42 40-13 77-35
61 Fit assuming impermeable membrane (inconsistent):
00 01 02 03 04 N 05 05 - 05 05
Lipid] mM Yo 0.5 1 R: 05,11 1 1
[Lip P 10° 6.9 47 — —
AhY=P kJ/mol 23.9 121 — —

FIGURE 2 Data of the classic incorporation experime(®) and two
identical release experimen® () investigating the partitioning of The experimental setup for the classical incorporation experinhemts|2
C,,EO, between water and POPC vesicles. The experimental setBp ( and for the release experimerf&sare specified in terms of the initial
and the model parameters for the solid fit linésH R) are collected in detergent concentration in the cdlld) and the lipid concentratiob®" and
Table 1. The dotted lines illustrate the best consistent fit of all datadetergent mole fractioxX®" in the injection syringe. About 5@ was

assuming the membranes to be impermeable for the detergent, which ;gr_ated in steps of Jul gach, to the cell volume of 134@l. The re;ults of
ruled out by the fact that this fitting attempt failed. fitting attempts assuming the membranes to be permeable or impermeable

for the detergent are given. The titrant dilution heat was approximated by

. —0.1 kJ/mol for all experiments. The detergent mole fraction in the
shown). Based on these data alone, neither set of paramet@kgmpranes in the sample cell assuming permeable membranes and the

is favored. A similar behavior is found upon separate fits ofaccompanying aqueous concentration were calculated based on the parti-
the data obtained by means of the release experiments (d¢fon coefficients observed.
Table 1,R). However, whereas the results assuming perme-
able membranes are in good agreement with the respective
%nee;bréome::gr;]ncgsrpqra“Or.] experiment, assuming Imper]\Pplications of the release protocol
gives rise to parameters that contradic
those from the incorporation experiment. Thus the assumpFhe release protocol introduced here must be considered an
tion that the membranes are impermeable to the detergentiisteresting alternative or supplement to the classic ITC
ruled out, and the assumption that the detergent quicklyprotocols. Here we have shown that the application of both
redistributes through the membrane and the parameters othe classic partition and the release protocols serves to solve
tained based on this assumption are proved. the membrane redistribution problem. However, there are
The curves shown in Fig. 2 correspond to a simultaneousases where the application of the release protocol should be
fit of the incorporation as well as the release data. Assuminguperior, even though the transbilayer distribution of the
impermeable membranes, no parameterBeAfiY ") was  ligand is not an issue. For example, proteins that are desta-
found to describe the data (best fit displayed dgtted  bilized upon extraction of the ligand can be handled in the
lines). In contrast, withy, = yp = 1, a good consistent fit ligand-saturated state until the experiment starts. The partial
was possibleqolid linesin Fig. 1, parameters in Table 1: release of the ligand during the experiment is restricted to a
I + R). minimum time and subject to constant conditions such as
The last column of Table 11Z) refers to a partitioning temperature, chemical interactions, mechanical agitation,
experiment performed at a considerably higher detergerdand so on. The range of binding constants measurable by the
concentration. It should be noted that the lipid of the firstrelease protocol is similar to that of the classic binding or
injections of thel2 setup is solubilized to micelles (Heer- partitioning protocols (up to, e.g., ¥M). We note that the
klotz et al., 1996; Wenk and Seelig, 1997). The data distesolution for the different parameters, particularly for the
played in Table 1 refer to later injections, when the samplehree-parameter fit required for specific binding, can be
has completely reconstituted to bilayers. Note that the paeonsiderably improved by a simultaneous fit of two data
rameters obtained fdR differ significantly from those fof  sets measured with different solute/ligand contents in the
andR. This indicates that the membrane compositions thatitrant.
are present during both the@ndR experiments (cf. Table 1, To discuss the limitations of the transhilayer distribution
row X,.) should match essentially to minimize errors due toproblem, it seems noteworthy that complete redistribution
nonideal mixing effects (cf. below). or the absence of redistribution constitute the limiting cases.
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There may be more complicated systems with a partiaposition dependence of the transfer heat in the system
permeation of the solute. First, the teparmeabilityrefers  presented here (cf. Heerklotz et al., 1997) may account, to
to a distinct time scale. In the context of ITGermeable some extent, for the fact that the partition coefficients ob-
means that equilibrium is reached within the recording timetained by ITC are somewhat lower than previously pub-
after each injection, typically in the range of 5-30 min. lished values of about (4-5)10° (Heerklotz et al., 1994).
Impermeablemeans that essentially no membrane perme- We summarize that the slight systematic deviations of the
ation has occurred within the time required for the titration,fit curves from the data do not justify the introduction of
e.g., 1-5 hours. Intermediate redistribution rates will resuliadditional adjustable parameters describing the composition
in intermediate and variable values farSecond, a perme- dependence of the partition coefficiet(or, equivalently,
ability threshold might exist, making the membranes per-of AhY ") (Heerklotz et al., 1996; Keller et al., 1997).
meable beyond a distinct solute content. Then the state of Another error source can be the heat of injectant dilution
the system depends not only on its composition but also ofor the release protocol, which cannot directly be measured
its history. In these intermediate cases, ITC experimentand could differ somewhat from the value measured for
may not be applicable. Whereas the application of thepure lipid vesicles. To address this problem, we repeated the
classic partition experiment alone may vyield a false resultfit procedures, leavingy, for the release experiment as a
the additional application of the release protocol shouldhird adjustable parameter. However, this did not signifi-
indicate the failure by allowing no consistent fit, whatever cantly affect the results.
value (constant) ofy is assumed. We note that the assumptiongf = 0.5 for impermeable
LUV does not take account of the aqueous solute concen-
tration in the syringe in the frame of the release experiment.
In the general case one has to use the following relation to
estimatey, for impermeable LUV:
To address possible error sources, we have simulated data
sets under varying conditions and assumptions in a spread- — DY 0.5+ (DY — DY) - (1 B VvES) (20)

. . D b . t b
sheet and subsequently evaluated these data using the fit Vi
procedures explained above. The simplification of neglect- . . .
ing the sample replacement due to the injections into & °' 15 MM (spherical) LUV of POPC with 100 nm diam-
calorimeter of fixed cell volume is justified for the examples €t€": the vesicles enclose a volume fragtlor\/ggrslvt =5
presented here. For larger syringes (i.e., 258yringe and V0% For the example presented heDg,” = D", and the
13004l cell) it can cause a significant error. The assump_secono! Ferm in Eq._20 vamshes. For low I|p|d_concentrat|ons
tion of P andAhY—® being constant is a rather poor approx- or partition coefficients, it could be appropriate to correct

imation. Indeed, the partition coefficients of &0, Yo using Eq. 20.

(Heerklotz et al., 1994) and other detergents (Paternostre et

gl., 1995, Lasch, 1995; Kellgr et al., 1997) decrease wit ONCLUSIONS

increasing detergent content in the membrane, and the heals

of binding may also depend on membrane compositionVe derived a general formula (Eqg. 7) that serves to model

(Epand and Epand, 1994; Heerklotz et al., 1998). Then thall possible titration calorimetry protocols assessing the

fit parameters reflect an average value with some preferenagonsaturating partitioning of a solute between water and

for the conditions present upon the first injections, wherdipid vesicles, as well as the specific binding of a ligand to

the highest heats are measured. This effect could account farreceptor.

the partition coefficients to decrease somewhat fromRhe  We applied this equation to model the data of a release

to thel experiment and further tt2 (cf. Table 1), because protocol based on the injection of solute-loaded vesicles

the detergent contents in the membrageorresponding to  into buffer.

the beginning of the titration increase in this order. Generally, the question of whether a molecule permeates
Note that the correct separation between the differenthe membrane and, thus, reaches the inner lipid monolayer

parameters is achieved by means of the model and must lm# receptors exposed there must be answered for a proper

affected in the case of wrong model assumptions. This igvaluation of binding data.

illustrated, e.g., by the different transfer heats obtained Taking into account the data obtained by means of the

assuming permeable or impermeable membranes, althoughew release protocol as well as those from the classical

physically, only the partitioning of the detergent depends orincorporation/binding protocol, one can clearly distinguish

the membrane permeability (cf. Table 1). This behavior alsavhether the solute/ligand penetrates the bilayer and detect

gives rise to some deviations in the partition coefficientsthe case where ITC fails to establish the partitioning behav-

obtained in systems with varying transfer heat and vicdaor because a partial redistribution takes place in the exper-

versa. In our simulations of data for partition coefficients orimental time scale.

transfer heats varying by-30% during the titration, the The approach was presented for the example of the de-

reproduction of the other, constant value failed by up totergent G,EO,, which is known to quickly penetrate lipid

20%, which can be considered satisfactory. Thus the combilayers. This fact could be confirmed successfully.

Errors
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