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The i ion of sodium deoxy , sodium cholate and octyl glucoside with sonicaied vesicles of L -dimyristoyl-
phosphatidylcholine (DMPC) and L_-dipalmitoylphosphati tine (DPPC) at ions below the critical
micellization ion {emc) of the d wm; -;tudned by high-sensitivity DSC (hs-DSC), Founer transform
infrared specrroscopy (FT-IR) and f fractu py. The two ph ited a striking
different iour in the p of these For DPPC vesicles, the delergenls were found to
interact i in the ag interf region of the bilayer below the b i

R,
while in DMPC vesicles two coexisting interaction sites below this concentration persist. These are detergents wlnch
interact at the aqueous interface region (site I) and in the acyl chain region (site 2) of the DMPC vesicles. The partition
coefficients K of the detergents between DPPC vesicles and the water phase were calculated from the hs-DSC results
at two detergent/phospholipid molar ratms R <R, as 035, 0049 and 0.040 mol~! for sodium deexycholate,
sodium cholate and octyl gh idk ly. In for DMPC the K values for R, < R, were found to be
dependent on R, due to the occ:npamm of site 2 by the detergents above a certain R, . The model is discussed on the
basis of the detergents free energies of transfer from the water phase (o site 1 and site 2 of the vesicles, respectively.
The solubilization behaviour of DPPC vesicles, dependent on whether the total detergent concentration is above or
below the cmc at R, differed significantly as revealed by hs-DSC. This suggests that in the latter case an additional
hydrophobic effect could facilitate the formation of disc shaped mixed micelles. M this different iour was
employed to measure the cme values of the detergents studied in the presence of the vesicles by hs-DSC.

Introduction process of the formation of vesicles during dialysis and
their physical and biochemical properties has been
Solubilization of proteins and lipids by detergents studied in recent years by various methods and theoreti-
followed by detergent dialysis is a widely used method cal iderati which imp iderably the un-
for the reconstitution of integral membrane proteins derstanding of this complex matter [2-12].
into unilamellar vesicies (for review, see Ref. 1). The One shortcoming of the detergent dialysis method is
that a certain amount of detergent remains in the vesicles
even after extensive dialysis which can be reliable quan-
Abbreviations: DMPC. t,-dimyristoylphosphatidylcholine; DPPC. tified by radioactive labelling only. This residual deter-
L -dipal T gel 1o llqaxd- ystalline phase gent can greatly obscure the interpretation of the mea-
transition hs-DSC, high-sensi al scanning by various physical and biochemical methods
calorimetry, FT-IR, Fourier mmsfnrm mlmred Spectrascopy; cme, on reconstituted vesicles making it difficult to dis-
critical micellization concentration. A N
tinguish between protein and detergent effects on the
Cor E. Technische Universitit Minchen, phospholipids. For example, 2% (mol) of the widely
Physik Department E22, D-8046 Garching bei Miinchen, F.R.G. used detergent sodium deoxycholate affects already re-
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markably the phase transition temperature of phospha-
tidylcholine vesicles (<f. results in this work). In order 10
cope with that problem a better knowledge sbout the
mechanism and the sites of interaction of the detergents
with phospholipid vesicles is crucial, in particular at
very low detergent concentrations. One important ques-
tion is if al very low detergent concentrations the latter
mix with the phospholipids in the bilayer of the vesicles
or rather adsorb at the vesicles surface. This has im-
portant consequences for the physical chemistry of the
vesicles surface.

Another intriguing question is whether the partial
solubilization of a vesicle (i.e.. vesicle rupture) can occur
at detergent concentrations below its cmc where there is
no coexistence between detergent miceiles and vesicles
and if such processes exist, whether they differ from
those occurring above the cme.

Most experiments conducted hitherto on phospho-
lipid vesicles at very low detergent concentrations, em-
ployed dynamic light scattering and optical density
measurements [7-10]. Other solubilization studies were
performed by measuring the release of water-soluble
molecules from the interior of vesicles due to the inter-
action with detergents, mainly by fl a2z
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tool of high sensitivity for the study of such systems, It
has been applied in order to study the interaction of
phosphatidylcholines with Triton X-100 [19] but at
concentrations which were well above the cme of this
detergent.

In the present work the interaction of the sodium
salts of cholic and deoxycholic acid as well as of octyl
glucoside with vesicles of PDMPC and DPPC wax s;udicd
at various detergent 10 lipid molar ratios below the cme
of the detergents by hs-DSC. FT-IR and freeze-fracture
«<lectron microscopy. The detergents were selected for
their widely use in protein reconstitution. As the bile
salts possess steroid bodies similar to cholesterol, their
effects on the thermotropic behaviour of the vesicles
was compared with that of the latter in order to obtain
additional information about their interaction sites in
the bilayer. The cmc values of the detergents in the
presence of the vesicles (which are expected to be differ-
ent [rom that in pure water) were measured by hs-DSC,
Moreover, some hs-DSC measurements on these sys-
tems were performed at higher concentrations of the
mixtures (well above the cinc of the detergents) in order
to compare the solubilization behaviour with that at low

However, all these methods cannot give direct informa-
tion on the intrinsic detergent-phospholipid interactica
at concentrations below the rupture of the vesicles due
1o solubili and are in prone to errors by
vesicles aggregauon Some studies were performed with
nuclear (NMR) hods [8,10,13-
15] but they require high sample concentrations, mostly
above the cmc of the detergents, except for proton
NMR. However, the latter method suffers from incom-

ations. The results strongly suggest the ex-
istence of two interaction s of detergents in phospha-
tidylcholine vesicles and indicate remarkable differences
in the sol ion behaviour depending on whether 1
takes place above or below the cme of the correspond-
ing detergent.

Materials and Methods

Vesicte preparation
The t ~phosphatidylcholines DMPC and DPPC were

plete motional averaging of the vesicle consti on
the NMR ti le. The i broad, of the

hased from Avanti Polas Lipids. The lipids were

signals reduces its potentially high sensitivity for such
studies.

High itivity differential calorimetry (hs-
DSC) is well established as the most powerful method
to study the thermotropic behaviour of saturated phos-
pholipids (for review, see Ref 16). Its sensitivity allows
reliable of p holipid vesicles at con-
centrations below 0.7 mM The phase transition be-
haviour of vesicles d on several p such
as intermolecular forces, bending energy and molecular
packing constraints but is largely independent on ves-
icle aggregation and size changes above a critical diame-
ter. These features recommend hs-DSC for the study of
interactions between vesicles and detergents at very low
concentrations. [t was already successfully employed 10
the study of disc shaped micelles of bile salts and
phosphatidylcholines [4].

Fourier transform infrared spectroscopy (FT-IR),
which is well eslnhhshed in the study of lipids [17.18].

ides in ion with the at d total re-
ﬂecuon {ATR) technique for liquids another powerful

checked for purity by thin-layer chromatography before
use. The lipids were dispersed in 50 mM Hepes (pH
7.0), 2 mM EDTA (buffer 1), at 10°C above its gel 1o
liquid-crystalline phase transition temperatuse {7,,) and
incubated at this temperature for 3 h. Then. the lipid
dispersions were sonicated at this temperature using a
Branson Tip sonifier {15 min at 30 W, pulsed mode
with 50% duty cycle). In order to remove lipid aggre-
gates and titanium dust, the vesicles were centrifuged at
10000 x g for 10 min. Finally the suspensiori. "vere five
times frozen and slowly thawed in order to fuse very
small vesicles. I not stated otherwise, the typical phos-
pholipid concentration in the samples was 1.5 mM. The
mean hydrodynamic diameter of the vesicles was
measured by dynamic light scattering between 65 and
70 nm.

Vesicles of DPPC with cholesterol were prepared by
dissolving the lipid mixture with cholesterol in chloro-
form. The solvent was evaporated under a stream of
nitrogen followed by overnight vacuum desiccation. The
lipid film was taken up in buffer I and further processed
as described above.
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The detergents used were obtained from Serva (de-
oxycholic acid sodium salt, octyl 8-p-glucopy

fined as that temperature at which the area of the

and Sigma (cholic acid sodium salt). The bile salts were
purified by dissolving in ethanol, filtering and recrys-
tallization. They were dissolved in buffer and added to
the vesicles at a temperature of 10°C above the T, of
the lipids and finally incubated at this temperature for
at least 16 h. This incubation was allowed in order 1o
ensure a homogeneous distribution of the detergents
over the sample. However, it should be emphasized that
our hs-DSC measurements indicated that a stable distri-
bution of all detergents studied was already reached
after 20 min incubation time, i.e. the hs-DSC scans were
independent on incubation time after this period for at
least 35 h. Even the use of multilamellar (nonsomcaled)
vesicles in control experiments exhibi

dotherm was divided into two equal halves.
Conlrol experiments were also performed with large
llar vesicles (p i by gentle shaking of the
swollen phosphohplds in buffer). All results reported
below for sonicated vesicies were found to be qualita-
tively similar in multilamellar vesicles, in particular the
changes of T, and AH upon detergent addition.

FT-IR measurements

For FT-IR measurements a Nicolet 60 SXB spec-
trometer equipped with a liquid ATR accessory (ther-
mostated circle cell with ZnSe crystal from Spectratech)
and an MCT detector was used. The ATR unit allowed
a good signal to noise ratio at low phospholipid con-

equilibrated hs-DSC endotherms 1 h after the detergenl
addition. This finding is in disagreement wiih observa-
tions made by Schurtenberger et al. [7], where equilibra-
tion times of the order of 48 h were needed for dynamic
light scattering measurements. The reason for that are
probably the basic differences between the methods
applied (hs-DSC and dynamic light scattering).

hs- DSC measuremenis

ig) y DSC is were performed
with an MC-2 (Mlcrocal Ambherst, MA) microcalorime-
ter interfaced to an 1BM AT microcomputer. The data
were stored and analyzed by this computer using the
DA-2 software provided by Microcal.

The samples were transferred to a cooling bath and
equilibrated at the starting temperature of the hs-DSC
scan for 5 min and then filled into the calorimeter. The
heating scan was started after additional 15 min equi-
libration with a scan rate of 50 C°/h and a 10 s time
increment (filter constant) between the data acquisi-
tions, Control measurements were also performed at a
20 C®/h scan rate and gave identical results. Selected
samples of DMPC and DPPC with sodium deoxy-
cholate were studied in the descending temperature
mode using the MC-2 cooling scan unit at a scan rate of
—~10 C°/h. No significant differences as compared to
the endotherms obtained by heating scans were
observed.

In order to avoid any effects of phosphohpld hydro-
Iytic breakd the
the vcsncles-delergem mixtures was 35 h.

The transition enthalpies AH were determined after
subiraction of the buffer baseline. The integratior. limits
were defined by connecting the regions of flat baseiine
with a straight line, This and the integration were doen
via a subroutine of the DA-2 program.

The transition temperatures (7, ) of the pure vesicles
were oblalm.d from the speclhc he:n maximum of the

ms. For asy ric li of the com-
s the transition temperature (7,,) was de-

storage time of

(1.5 mM as in the other experiments). In
order to prevent interference of the water bands and the
methylene stretching modes of the phosphoiipids, the
samples were dissolved in buffered D,O The tempera-
ture was measured in the circle cell using a Pt 100
thermocouple which controlled an external water bath
and was constant within £0.2°C. The measurements
were performed from lower to higher temperatures for
each sample, at each temperature 600 scans were accu-
mulated at a resolution of 2 ecm™! between 4000 and
400 cm ', The buffer spectra were recorded separately
at the same temperatures and interactively subtracted
from the sample spectra. The frequency of the methyl-
ene streiching vibrations was determined as the maxi-
mum of the corresponding bands.

Electron microscopy

Freeze-fracture electron micrographs of the samples
used for hs-DSC measurements were taken for pure
DPPC and DMPC vesicles as well as for those treated
with sodium deoxycholate at different concentrations,
The samples were jet frozen from ambient lemperature
using a home-built device in liquid nitrogen, processed
in a Balzers freeze-fracture device and observed using a
Phillips EM 400T electron microscope.

Results

1. hs-DSC measurements

As a matter of convention, the following quantities
were used in the text in order to express the amounts of
phospholipids and detergents in the samples. These are

R =D I/1LL X = [P JAILT+ [Dy ) and
X0 = [Diay JA[LI+[Dy )+ K1) m
where [L] is the phospholipid concentration, [, | is the

total detergent concentration and K is the partition
coefficient as defined in Eqn. 2.
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Fig. 1. hs-DSC excess heat capacity profiles of unilamellar vesicles of
DMPC (ieft column) and DPPC (right column) with sodium deoxy-
cholate at Gifferent molar 1atios, R, = [Dy, J/ILI or different cffec-
tive molar fractions of sodium deoxycholate. x.q.
0, (0); B: 0.05, (0.017); C: 0.20. (0.065): 10.104;
F: 2, (0410). The total phospholipid concentration was [L]
Some hs-DSC profiles were increased in intensity by the factors at the
right of the endotherms. The bar represents 1 keal/K per mol.

Fig. | shows the hs-DSC endotherms of small un-
ilamellar vesicles of DMPC and DPPC with different
proportions (R, ) of sodium deoxycholate.

For DMPC, this detergent causes first at low R, a
slight broadening of the endotherms together with a
low-temperature shift of the chain melting transition
temperature T, (Fig. 1A, B). The latter decreased lin-
early with increasing R,,. Above R, = 0.15, a second
broader signal appeared from a flat high-temperature
shoulder of the endotherm (Fig. 1C), with a maximum
located at 0.5° C below the T, for pure DMPC vesicles
(24.1°C). Increasing R,,, continued to shift the narrow
peak towards lower temp but usly its
intensity is reduced at R, > 0.5. The maximum of the
broad signal remains constant at 23.6°C up 1o R, =
0.95 (Fig. 1D, E). Above this concentration the narrow
peak gradually vanishes and the broad signat a1 22.5°C
is progressively broadened and shifted towards lower
temperatures with increasing R, (Fig. 1F).

The behaviour of DPPC vesicles is strikingly dilfer-
ent as there is no splitting of the excess heat capacity
profile upon sodium deoxycholate addition but only a
slight broadening and a continuous shift of the 7,
towards lower temperatures linearly with R, (Fig.
1B-E and Fig, 4B). However, at R,,, = 1.1 (correspond-
ing t0 a T, of the endotherm of 37.0°C) there is un
abrupt changz of the shape of the endotherm intc u
broad and asymmetric profile which continues to shift
towards lower temperatures for even higher R, (Fi3.
1E, F).

The eifect of sodium cholate was ly similur
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but the concentrations required 10 cause a shift of T,
were higher and the magnitude of the low-temperature
shift of the endotherms upon sodium cholate addition
was less than for sodium deoxycholate.

Octy! glucoside, a nonionic detergent with a bulky
hydrophilic sugar headgroup and a comparatively smail
alkyl chain, exerts a similar effect on DPPC as the bile
salts but at considerably higher R . Its effect on DMPC
differs remarkably from that reported above for the hile
salts as it gave no rise for a broad second endotherm at
23.6°C. Instead, the endotherm broadens slightly upon
octyl glucoside addition {Fig. 2B. C). shifts towards
lower temperatures and eventually splits into a narrow
and a broad signal a1 R, >4 (Fig. 2D). This broad
part of the endotherm, however, is centered well below
(AT, = —82°C) the initial T, of 24.1°C for pure
DMPC. The next steps are similar to that reported
above for bile salts, the narrow signal proceeds to shift
to lower temperature, reduces in intensity (Fig. 2E) and
eventually vanishes with increasing R . Then the broad
part of the endotherm shifts from 15.9°C 1owards
lower temperatutes at even higher Ry, (R, > The
transition enthalpy AH of the whole transition endo-
therm slightly decreases from 6 keal/mol down to 5.5
keal /mol for the DMPC /sodium deoxycholate vesicles
with increasing R, up to R, = 0.5 (Fig. 3). A similar
slight decrease of 34 by 10-15% was ohserved for
DMPC with sadium cholate and octyl glucoside. respee-
tively. In comirast. for DPPC vesicles with sodium de-
oxycholate, 3/ is constant at the value lor pure DPPC
vesicles (8 keal/mol) up 1o R, = 1.1 (Fig. 3).

10 14 18 22 26
temperature { °C |

Fig. 2. hs-DSC uxcess heat o

ity profiles of DMPC unilamellar

vesicles with octyl glucoside at different molar ratios, R, =Dy, |/LL
or different cffevtive molar fractions of ociylglucoside, . Ry
Lxge = ) Az 0.(0) B: 0.05, (Q.0028): C: 0.122y. D: 5. (0.277

(0.385). The total phospholipiu conventration was (L] = 1.5 mM

10 that of sodium deoxychotate on DMPC and DPPC,

D. E were increased by a factor of 2 in fntensity. The bar
sopresents | keal /K per mal.
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Fig. 3. The iraosition enthalpy A versus the total detergent molar
fraction x R D, /(D ]+ILI) for unilamellar vesicles of
DPPC (upper three traces) and of DMPC (lower trace): (@) sodium
deoxycholute. (@) sodium cholate. (a) octyl glucoside. The total
phospholipid oncentrution was [L] = 1.5 mM. The arrows represent
the membrane saturation concentrations (R, , b, ¢ for sodium
deoxyeholate, sodium cholute and octyl glucoside, respectively, in
DPPC vesicles and d for sodium deoxychalate in DMPC vesicles.

These detergent concentrations R, coincide with
those at which the drastic broadening of the endothern,
for DPPC (Fig. 1D) and the onset of the decrease of the
narrow low-temperature part of the endotherm for
DMPC (Figs. 1E and 2E), respectively, can be observed,
Above these concentrations, there is a drastic change of
AH for DMPC and DPPC vesicles cver a relatively
narrow concentration increment of R, down 1o a new
value which is 35-45% less than the tnitial AH (Fig. 3).
From this minimum the AH increases at even higher
R,.- These drastic change of the transition enthalpy 4 H
of DMPC and DPPC is similar for all three detergents
studied in (his work, The critical detergent concentra-
tions «uve which the change of AH occurs are differ-
<nt and characteristic for each detergent.

In order to obtain additional information about the
effect of the phospholipid chain length on the features
of the hs-DSC endotherms. some measurements of
DSPC vesicles ([L}=1.5 mM) with sodium deoxy-
cholate were performed. The results are qualitatively
similar to those reported for DPPC, but 4 H is constant
at its initial value at even higher detergent concentra-
tions than for DPPC (up to R, = 1.6).

Dependence on the total phospholipid concentration, parti-
tion coefficient

The detergent effects on T, and AH of DMPC and
DPPC showed a characteristic dependence on the total
phospholipid concentration, owing to the partition of
detergent molecules between bilayer and aqueous bulk

phase. According to Schurtenberger ct al. [7], a partition
coefficient K for this process has been defined as

K ={D3]A[L][Dy ]} = Rege /[Dim) [£3]
and
[Dy} = (Dol +1Dg) 3

where [L] and [D,,] are the total lipid and detergent
concentrations, respectively, [D, ] is the ic de-
tergent concentration in the aqueous bulk phase and
[Dgl is the concentration of detergent associated in the
bilayer of the vesicles. R is the effective molar ratio
of detergent to lipids in the vesicles. Thus, the con-
centration dependence of R at which a certain 7, of
the endotherm is observed can be used to evaluate the
partition coefficient K at this T, (R, ). Assuming that
the dependence of T, on [L] and {D,,] is a inonotonic
function of the effeclive detergent to lipid molar ratio,
Ry in the bilayer of the vesicles, the plot of the
different sets of {L] and {D,,,] which yield the same T,
gives a straight line for each detergent/ vesicle mixiure
(Fig. 4A). This line can be described by the following
expression

Do) = [Dy ]+ Re[L] )

Division of R by [D,]. obtained from plots like
that in Fig. 4A yields the partition coefficient K for
each detergent as defined in Eqn. 2. This partition
coefficient should be constant for all R, < R, (R, is
the detergent to lipid molar ratio above which the
vesicle ruptures), provided that there is only one inter-
action site of the detergents in the vesicles. Thus, the
calculation of K for different T,, values allows us to
determine whether the partition of detergents between
vesicles and bulk water can be described by a single
partition coefficient. The values of R, =[Dg]/[L}. [D,,}

{
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Fig. 4. {A): Plots of different sets of [L] and [D,,] which give a phase
transition temperature T, = 40.3°C of the hs-DSC endotherm for
DPPC vesicles with sodium deoxycholate (M) and sodium cholate ().
The values R,y and [D,,] as presented in Table [ were obtained fiom
such plots as the slope of the fitted line (R ;) and its intercept with
tne Dy, axis D, ]). (B): The phase transition temperature T, of
DPPC vesicles with sedium deoxycholate versus R, at two diffcrent
DPPC concentrations [L]=1.5 mM (@) and at {L] =108 mM (+).
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TABLE |

Partition

detergent

D,,] and an effecore ratus of detergent so phosphotipid o the vesicles, R ,,,. cufeulared

according to Eqn, 4 Jor sadium deoxycholate, soguum cholie unll actyl glucaside 1 DMPC and DPPC revicles at two T, ralues

The unitary frec cnergies of transfer between the water phase and the vesicles interface (4%

calculated according to Equations & and 9, respectively (cf. Discussion)

~ %1/ RT or aesl chain ragion (g = g% )/RT were

Lipid Detergent T, D, ] Rt I3 (WL WRT (R RT
(4] (mM) {/mM)
DMPC seddium 233 0.095 0.031 032 -07i
decsycholaie 165 0.64 0.34 0.53 115
DMPC sodium 231 023 0011 0.04% 263 -
cholate 204 137 0.081 0.058 ~119
DMPC octyl 231 0.14 0.006 0.041 -
glucoside 145 69 0.420 0.057 - - 380
DPPC sodium 403 0.095 0032 034 -8
deoxycholate 310 0.79 0.278 0.35 - -
DPPC sodium 40.3 0.23 L0t 0.048 - 263 -
cholate 38.8 145 bao7n 0.049 - -
DPPC octyl an.3 ars 0.006 0.040 -2x1
glucoside 269 9.9 8.35 0.040 - -

and K calculated from the experimental data for the
three detergents studied in DMPC and DEPC vesicles
at iwo different 7, values {corresponding to two R,
values) are given in Table 1.

It is obvious from Table I that K is similar for
DMPC and DPPC at low R, (compare the K values al
the 7, = 23.1°C (DMPC) and 40.3°C (DPPC)) for the
same detergent. However, at R, = R, corresponding
to T, values at which the above-mentioned drastic
broadening of the endotherms and the sharp decrease of
AH can be observed, the K value is considerably -
creased for DMPC while it remains constant for DPPC.
This finding is independent on the detergents used.

Measurement of the critical micellization concentrations
feme)

The relatively linear shift of the T,, with increasing
R, of DMPC and DPPC vesicles (cf. Fig. 4B) was used
to measure the cmc of the detergents studied in the
presence of the vesicles. The knowledge of these values
is essential in order to decide if the measurements
reported above were performed strictly below the cme.
The cme can be i by choosing a pt
concentration [L], which is sufficienily h|uh to ensure
that the concentration of the detergent to be added to
the vesicles will exceed its cmc below the membrane
saturation concentration R,,,. The hs-DSC endotherms
measured under this conditions at various detergent to
lipid molar ratios R, =[D,,]/IL] where {L] was kept
at constant high concentration (e.g.. [L] = 10.8 mM for
DPPC vesicles with sodium deoxycholate) do not ex-
hibii a simple linear decrease of 7, with R but a
plateau region or even a slight local increase of 7, as

Lolinid

shown in Fig. 4B. This plateau region of T,, is caused
by the onsect of the formation of detergent micelles in
the aqueous bulk solution. This changes the partition
coxfficient K of the detergems between vesicles and the
agucous bulk phase in favour of the latter and causes
thus a depl.

of detergent uss d with the vesicles
until the micelles have reached un energetically favora-
ble aggregation number, After the new equilibrium par-
tition coefficient K is establihsed, further detergent
addition continues to decrease the T, of the vesicles.
The cme values of the detergents used in this work were
lated from the conc ion [D,,,] at the begin-
ning of the 7, plateau region {indicated by an arrow in

extra
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Fig. 5. Symmetric methylene streihing vibration w
DPPC fatty avid chains versus temperature of DPPC vesicles without
(+) and with sodium deoxycholate. Ry, = (X = ) 0.33 (0.104) (@)
and 20 (0.410) ().




Fig. 6. Freeze-fracwre eleciron micrographs of DPPC vesicles without (A) and with (B) sodium deoxycholate (R, = 0.80). The DPPC
conceniration was {L] = 1.5 mM. The bar represents 0.1 xm.




Fig. 4B) as 2.2 mM (sodium deoxycholate), 3.2 mM
(sodium cholate) and 18 mM (octyl glucoside).

2. Fourier fe

infrared

FT-IR measurements were performed in order to
obtain information about the interaction sites of sodium
deoxycholate in DPPC vesicles below and above R, at
total detergent concentrations [Dy, ] < cmc of sodium
deoxycholate. As we were mostly interested to answer
the question if there is an interaction of sodium deoxy-
cholate with the hydrophekic interior of the DPPC
vesicles below R, the methylene stretching vibrations
of the DPPC fatty acy! chains were measured as a
function of temperature.

Fig. 5 shows the temperature dependence of the
symmetric methylene stretching vibrations for DPPC
vesicles alone and with sodium deoxycholate below and
above R, . The frequency of this band is related 1o the
average number of gceuche conformers in the vesicles.
This frequency changes for pure DPPC vesicles from
2849.6 cm~! (all-trans-conformation) 1o 2853.0 ¢m™!
above 45°C due to the introduction of gauche con-
formers, This difference of 34 em ™' is caused by the
melting of the acyl chains of DPPC at the gel to
liquid-crystalline phase transition.

‘The addition of sodium deoxycholate at a molar ratio
R, = 0.33 (which is below R_,) lowered 7,, by =3°C
but did not significantly broaden the transition, in
agreement with the hs-DSC results. The total frequency
difference of 3.4 cm™! between gel and liquid-crystal-
line state was not changed.

In contrast, at R, =2 (which is above R, but still
below the cmic) one can observe a drastic broadening of
the transition and a reduction of the frequency dif-
ference between both states down to 2.7 cm™", It is
obvious that the average number of gauche conformers
was increased in the gel state and decreased in the
liquid-crystalline state at this detergent concentration.
The drastic broadening of the phase transition is again
in excellent agreement with the hs-DSC results while
the change of the number of gauche conformers in both
states can be related to the reported drastic change of
the transition enthalpy 4 # above R,,.

3. Freeze-fracture electron mzcraswpy
Freeze-fracture elce

were performed on pure DMPC and DPPC vesicles and
at various molar ratios of sodium deoxycholate above
and below R_,. In Fig. 6 freeze-fracture replicas of
DPPC vesicles without (Fig. 6A) detergent and with
sodium deoxycholate where R, is just below R, (Fig.
6B) are shown. It should be emphasized that [D,] is
nevertheless well below the cme of sodium deoxycholate
in Fig. 6B. A comparison between Figs. 6A and B shows
that no significant morphelogical changes of the vesicles
with sodium deoxycholate as compared to the pure
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DPPC wesicles can be observed at R, <R, The
results for DMPC vesicles are similar, there is in par-
ticular no indication for the coexistence of two vesicles
populations at R, < R_,. as the splitting of the DSC
endotherms (Fig. 1) might suggest.

In contrast. at concentrations of sodium deoxy-
cholate R, > Rz = 2 for both DMPC and DPPC
vesicles) only smooth replicas without any vesicles or
mixed micelles were found (not shown). Possibly the
mixed miceles are too small at this R, and can not be
resolved,

Discussion

The interaction of detergents with phospholipid
vesicles is mostly discussed in the fr of the three-
stage model of solubilization as proposed by Lichten-
berg et al. [6]. This modei postulates the incorporation
of detergent monomers into the phospholipid bilayer as
the first stage of solubilization. The second stage is then
the formation of phosphelipid-detergent mixed micelles
which occurs above a certain critical detergent to lipid
ratio in the bilayer, called the membrane saturation
concentration R, . The coexistence of mixed micelles
with vesicles above R, is determined by the balance of
the vesicles bending energy with the edge tension of the
mixed micelles [5]. In the third stage of solubilization,
upon exceeding a detergent to lipid molar ratio in the
bilayer cailed the membrane solubilization concentra-
tion, R,,. the coexistence of lamellar and mixed micel-
lar structures ceases to exist and all phospholipids are
present in mixed micelles.

The most striking difference between DPPC and
DMFT vesivles is the sp g of the endotherms of the
latter upon addition oi duicrgents {Tig. 1.2). This split-
ting was observed for all detergents studied at different
R,
The considerable increase of the partition coefficient
K with decreasing 7, (i.e.. increasing R, at [L]=
const.) which was found for DMPC but not for DPTC
(Table I} rep a further signifi difF: e It
suggests that both phospholipids accommodate ap-
proximately the sume amount of detergent molecules at
low R, while 20 higher R,, DMPC vesicles can inter-
act with more detergent than DPPC.

The splitting of the hs DS( endotherms for DMPC
can be explained by an g site of the
dete.gents in DMPC vesicles which is occupied ai higher
R, which is still below R_,,. The origin for this be-
haviou: is very likely the weaker chain-chain interac-
tion of the latter, because the two carbons shorter fatty
acyl chains of DMPC. The most likely interaction sites
are the interface region (site 1) and the hydrocarbon
region {site 2) as schematically drawn in Fig. 7.

In terms of this model the narrow hs-DSC signal
where 7, varies linearly with R, is caused by the
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Fig. 7. Schematic drawing of 1wo possible intcraction sites for deter-
gents with phosphatidylchalinc vesicles.

interaction of detergents at the aqueous interface region
of the vesicles (site 1). The broad part of the endotherm
observed for DMPC at higher R, is caused by deter-
gents incorporated into the fatty acyl chain region of
the bilayer (site 2).

The partition of the deiergents between site 1 and
site 2 in the vesicles is determined by the chemical
potential difference betwzen the detergents in the water
phase and the twe interaction sites in the vesicles. As
regards the interface-interacting detergents this energy
differcace can be estimated by assuming that the chem-
ical potential of the detergent monomers in the water
phase () equals that of the detergent in the interface
of the vesicle () at equilibrium as follows [20].

KL= K= RT Ik /50) + RT 0 fie/fu) )

where the term on the left is the free energy difference,
x,/x, is the partition of detergent between water and
vesicles in mol fraction units and f,,, f;; are the activity
coefficients, The latter can be assumed to be unity and
thus In( f,/fi)=0. Hence, p% — % can be obtained
directly from the partition coefficient K, where x,;/x,,
=1D,]/(D.}.

The calculated values of the unitary free energies of
transfer are presented in Table 1. These energies are
significantly Jower for sodium deoxycholate than for the
other detergents hecause the former possess the lowest
number of hydrophilic groups of the detergents studied.
Moreover, the very similar values of these energies for
both phospholipids indicates that there is no difference
in the interaction at low R,,. This is also indicated by
the similar linear dependence of T, on R, (cl. Fig. 4A
for DPPC vesicles with sodium deoxycholate) for both
phospholipids.

The increase of the partition coefficient X for DMPC
at high values of R, = R, can be expressed as

AK-K.- K 6)

where K, is the value of K obtained at low R, and

K, is the corresponding value at R, = R,,. This
difference AK is caused by the occupation of site 2 in
the vesicles with detergent molecules. Thus

Koy =K+ 8K = [Dy /(L] Dy 1)+ Dy I/ (L) D 1) (g}
where
{Dg) = 1Dy )+ ] 8)

is the sum of the detergeni concentrations at site 1
(ID;;]) and site 2 ([D,.]) in the vc:siclc:s Assuming now
that g, = p,=p,. (cf. Fig. 8), p% — p% = constant (as
observed for DPPC vesicles) and {D;] > [D,} so that
the activity coelficients can be neglected (i.e., In( f,..//,)
=0), we obtain an estimatc for the free cucrgy of
transfer between the water phasc and the hydrocarbon
chain region (site 2) f the vesicles:

B~ B = RT Wn(xy, /%) ©
These values were calculated for DMPC vesicles with
K/ ¥ = [Dyel/[Dm] = 4K [L] a0y

and ar= represented in Table I. They are significantly
higher than the corresponding free energies of transfer
between site 1 and the water phase, This explains why
an interaction wiih sitc 2 can be observed at higher R,
only.

The magnitude of g% — pd, is mainly ruled by the
intrinsic lateral pressure @, of the vesicles bilayer which
was shown to increase with increasing acyl chain length
[21]. As a consequence, a considerably higher p, — pd.
would be required for the interaction of detergent with
site 2 in DPPC vesicles. Therefore for DPPC vesicles
only one detergent interaction site (site 1) can be ob-
served at R, < R,,,.

A salient feature in the thermotropic behaviour of all
DPPC vesicles with detrgents is the unchanged transi-
tion enthalpy A% as compared 1o the value of AH of
pure DPPC vesicles up to a certain R, = R, above
which an abrupt change of A H can be observed (Fig. 3).
In contrast, for DMPC vesicles AH slightly decreases
already below this detergent concentration.

We mterprel the onset of the drastic AH change as
the b ing of the of mixed with
vesicles above R, = R,.. i-e., the stage 2 of solubiliza-
tion in the model of Lichtenberg et al. [6]. This assump-
tion is supported by the results of other authors who
conducted optical density measurements on these sys-
tems with similar results concerning R, [9,10]. Further
evidence for this interpretation comes from the finding
that this R, value corresponds to a 7, which is
constant irrespective the total phospholipid concentra-
tion [L] for each lipid-detergent mixture (e.g. for
DPPC/sodium deoxycholate mixtures T, = 37.0°C at
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vesicles with sodium deoxycholate (W) and crafesterof {x). respec-

tively. For wus [D,, ] = total chol i and
K ''=0. The total phospholipid concentration was [L] = 1.5 mM.

R.... independent of {L]; (cf. Table [ far the
at R, of the other detergents).

The structure of the mixed micelles formed above

R, has been described as lameltar sheets of phospho-
lipids and detergent which are sur Jed on
their perimeter by bile salts [2] or octyl gluceside [91.
Hence. the reported decrease in AH by 35-40% above

R, (Fig. 3) corresponds to the AH difference of
phsphohplds arranged in vesicles and in mixed micelles,
respectively.

The increase of 4 H after the transition from vesicles
to mixed micelles at R, > R, (cf. Results) was not
considered in this work because this has been exten-
sively discussed by Spink et al. [4].

The unchanged 4H for DPPC and the slight but
remarkable decrease of AH for DMPC (R, <R}
provides further support iu: the two site interaction
model in Fig. 7. The interaction of butky molecules like
bile salts with the hydrocarbon region of the vesicles
{site 2) is expected 10 decrease lhe transition enthalpy
AH with the concentration of detergents at this site
([Dy,]. This is demonstrated for a molecule such as
cholesterol which possesses a similar sieroid body as
sodiur1 deoxycholate in Fig. 8. Its incorporation into
DPPC vesicles causes a decrease of AH linearly with
the cholesterol concentration as reported by Mabrey et
al. [22].

Thus, the unchanged AH of DPPC vesicles with
detergents at R, < R,,, provides evidence that the only
possible interaction site is the interfce region (site 1).
The interaction at this site changes mainly the phuse
transition temperature 7T, by modification of the
headgroup interactions but not the transition enthalpy
AH, as the van der Waals interaction between the fatty
acyt chains does not change significantly. Upon exceed-
ing R, the detergents enter into the hydrophobic
region (site 2) of the vesicles and decrease A4 by

T, values
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changing the basic interactions in this region as ob-
served for cholesterol (Fig. 8).

In contrast, the slight decrease of AH for DMPC at
R, <R, is caused by that amount of detergents
A hw ich interact with site 2 in the DMPC vesicles,
in agreement with the s~tiiting of the hs-D!
therm. A comparison ur I(AHY= 0.5 keal/me! for
DMPC with sodium deoxycholate below R, (ef. Fig. 3)
with the large effect o cholesterol on AH of DPPC
(Fiz ¥ shows that [D ] is very low which justifies the
assumption [D,¢] > [D,,. ] made above.

The unchanged features of the hs-DSC endotherms

blai i in the d ¢ Yi

endo-

¢ mode as com-
pared to thase of the hmung scans provide evidenee
that the reported behaviour of AH versus R, for
R..<d., cannot be caused by an exclusion of the
detergents from the vesicles at the transition from the
liguid-crystalline to the gel state. Furthermore, the FT-
IR results give evidence for two different interaction
sites of sodium deoxycholate in DPPC vesicles below
and above R_,. The shift of the 7, withoul broadening
by sodium deoxveholate below R, and the unchanged
number of guuche conformers between both states is
compatible with an interuction of sodium deoxycholate
at the interface region of the DPPC vesicles (site 1),

Above R_,. the significant changes of the symmetric
methylene stretching vibrations versus temperature are
similar to those reported [or cholesterol in DPPC multi-
layers [23). This is in agreement with the hs-DSC mea-
surements presented in Fig, § and allows the conclusion
that a part of the DPPC fatty acyl chains are retained in
the af trans conformation in the liquid-crystalline state
due to the immediate neighborhood of sodium deoxy-
cholate molecules. This could be DPPC moleculus inter-
acting with sodium deoxycholate at the perimeter of the
disc shaped mixed micelles.

Another important point is the different dependence
of the T, of DPPC vesicles on R,, depending on
whether [D, ] at R, is above or helow the eme of the
detergent (cf. Fig. 4B). It demonstrates that the pre:
ence of detergent micelles in equilibrium with vesicles
below R, gives rise to a different solubilization be-
haviour. This is also indicated by the behaviour of AH
versus R, under this condition (i.e.. at [L] = 10.8 mM):
For R, > R.,,, the cnthalpy A H decreases continuousty
with increasing R,,. However, the shape of the endo-
therms does not broaden as reported above for low [L]
(Fig. 1F) but remains as a narrow peak at 37.0°C until
it vanishes completely in the flat baseline &1 R, > R
The coenistence of detergent micelles and vesicles. at
R, < R, (which is not the case for the measurements
performed at low [L]) prevents the entropically un-
favorable presence of detergent monomers in the water
phase. As a result, the vesicles are not ruptured above
R, into larger disc shaped mixed micelles as shown in
Fig. 6, but ilized in small micelles with ider-
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ably higher detergent proportion. Such micelles give no
detectable hs-DSC signal so that only the part of intact
vesicles (which give a narrow peak) is observed by
hs-DSC measurements at [L]=10.8 mM (data not
shown),

These findings are an indication that an entropic
factor can contribute to the solubilization of DMPC
and DPPC vesicles observed at detergent concentrations
D] <cme at the i ation
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.t As the detergent concentration [D] at the inler-
face region of the vesicles (site 1) is limited mainly by
the 1otal surface of the vesicles and the detergent solu-
bility in the aqueous bulk phase is restricted by [D,]
(D] = [D;] + [D,,]) + [D,] < cmc). the increasing
entropy of the system above R, could provide an
excess hydrophobic free energy

A6, = KT I x., an

(x[ Is the excess concentration (x, > |D,,]) of detergent
monomers in the water phase in mole fraction units).
This exvess hydrophobic free energy could enable the
detergent monomers (0 overcome Lhe high free energy
of transfer barrier g%, — . for DPPC to interact at site
2 of the vesicles at R, > R,

Conclusions

The hs-DSC and FT-IR measurements performed in
this work reveal striking differences of the interaction of
detergents with DMPC and DPPC, respectively. They
suggest two interaction sites of detergents in vesicles,
one at the interface region and the other in the hydro-
carbon chain region of the vesicles. The partition of
detergents between these sites is mainly ruled by the
intrinsic latera’ pressure of the bilayer. As a conse-
quence. for DMPC vesicles both sites are occupied by
detergents at concentrations R, < R, while for DPPC
vesicles the detergents inleract exclusively at one site

The considerable differences in the solubilization be-
haviour of vesicles observed at detergent concentrations
thoroughly below the eme from that observed above the
eme are likely caused by the presence of an additional
entropic force in the former case.
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