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Chapter I

General introduction

I.1 Molecular aggregation

Amphiphilic molecules such as fatty acid salts and
phospholipids consist of a polar (hydrophilic) head group
and an apolar (hydrophobic) tail. Depending on the nature
of the head group, amphiphiles can be anionic, cationic,
zwitter-ionic or non-ionic. When dispersed in water at a
concentration above the so-called critical micelle concentration
{CMC) they can achieve segregation of their hydrophobic
porticns from the solvent by self-assoclation. This segregation
is frequently referred to as the "Hydrophobic Effect"!. Such
aggregates are known as micelles (Figure 1.1), Below the CMC
insufficient molecules can associate to achieve an effective
elimination of the hydrocarbon-water interface, Consequently,
only menomers are observed. Around the CMC, a delicate balance
between monomers and micelles occurs which is dictated by the
"Hydrophobic Effect". Accordingly, the transition between
monemeys and micelles is not distinct, but has a broad range.
Growth of small micellar spheres or disks can develop
ultimately into parallel layers of amphiphiles with the polar
head groups located on the outside, the so-called bilayer
(Figure 1.1)?. The self-association of amphiphiles in aqueous
solution into aggregates can readily be accounted for by the
"Hydrophobic Effect"™. However, as in many cases relatively
small micelles are preferred, an opposing force has to be
present as well, which prevents the growth of the aggregates
to larger sizes. Bven for the largest possible aggregates
(t,e., the bilayer sheet) such a repulsive force must also
occur to oppose separation into an entirely separate phase.
The opposing force comes primarily from the electrostatic
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Figure 1.1 Molecular aggregational states.

repulsion between identically charged ionic head groups. In
the case of non-ionic detergents, a preference for hydration
is involved. In this context it can be envisaged that simple
aliphatic alcohols, which form complexes with one another throug
hydrogen bonds, separate from the aqueous medium as a distinct
phase. It should be noted that the "Hydrophobic Effect”
induces a fower limit to the micelle size, because a minimal
number of amphiphiles have to associate with each other to
eliminate hydrocarbon-water interactions effectively. Thus
micelle formation is necessarily a cooperative process,
requiring simultaneous participation by many amphiphiles®.

The upper limit of the aggregate dimension can be visualized
by means of pure geometrical considerations. When the
aggregation number increases, the packing between the head
groups also increases. The repulsive force acts against too
close an approach, thereby keeping the dimension limited.

As single stranded amphiphiles feorm micellar structures under
standard conditions, amphiphiles containing two chains mainly
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build up bilayer structures®., Such a number of chains per
amphiphile results in half as many head groups as there would
be for single stranded surfactants. The average head group
areqa Will be twice as large as the area per chain. An optimal
aggrepgational state will now be reached not in the micelles
but in the bilayers where the head groups hecome more closely
packed. This offers a description without the use of complicated
theoretical considerations, why single stranded amphiphiles
prefer the micellar state, and phospholipids are mostly found
in the bilayer state.

These descriptions have shown, that the thermodynamic
principles underlying aggregation are conceptually simple:
the "Hydrophobic Effect" provides the driving force for
aggregation (Z.e,, a positive entropy change), whereas repulsion
between head groups limits the size that a particle can attain.
Both faectors must vary, however, with the particle size.
Aggregation is thus shown to be cooperative and non-specific.

1,2 Membransse

Biological activity, particularly the specificity of many
metabolic processes, demands molecular order. Aggregation
(see Section I.1) provides one way of ordering molecules and
it is a reversible process. The transitions monomer-micelle
and micelle-bilayer seem widely accepted as a means of
controlling and regulating membrane properties®*”®. Phospholipids
are the major class of membrane lipids. Other kinds of membrane
lipids are glycolipids, triglycerides and cheolesterol. In
biological membranes, the lipids form a bilayer matrix in
which the proteins are embedded or surface bound. Although
many biological actlvities are understood at a pharmacological
or biochemical level, the behaviour of the individual membrane
components and especially the phospholipids on a molecular
basis, is often less well known. In contrast, macroscopic
characteristics of the entire membrane have been investigated
thoroughly in the past. It was shown that membranes are sheet-
like structures of relatively small molecules. They form closed
boundaries between compartments of different composition (7.e.

]
the unit membrane, the nuclear membrane and the membranes of
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the mitochondria, Golgi-bedies, ribesomes and the endoplasmic
reticulum of the living cell). Membranes mainly consist of
lipids, proteins and in some cases pigments and carbohydrates.
The phospholipid bilayer part of the membrane is highly
impermeable to ions and most polar molecules. Permeability

of the phospholipid section can only be established at local
disturbances of the bilayer orientation, the so-called local
micelle formation® and local inverted micelle formation®™?
(i.¢., polar discontinuities)., In all other cases specific
membrane bound proteins mediate distinct functions of the
membrane. They serve as pumps, gates, receptors, enevrgy-
transducers or enzymes. They can be bound at the surface

of the membrane (extrinsic or peripheric proteins) or within
the hydrophobic core (intrinsic or integral proteins).

I.3 Membrane fluidity

Only non-covalent interactions, such as hydrophobic
van der Waals type interactions or electrostatic interactions,
keep the membrane compoments together. From these considerations
it will be obvious that the membrane lipids and especially the
phospholipids must not be considered as static, but as dynamic
membrane components (Z.2. the "Fluid Mosaic Model™)'®, capable
of regulating metabelic impertant processes, such as enzym
expression, membrane fusion and transbilayer transport® 10717,
This dynamic behaviour can also be made plausible by the
observations that phospholipid bilayers undergo a phase
transition of the hydrophobic core from a relatively viscous
fluid (the gel) to a relatively non-viscous fluid (the liguid
crystalline) phase at a certain temperature, the so=-called
phase transition temperature. This temperature is strongly
dependent on the nature of the hydrophobic tails and it readily
decreases upon higher degrees of unsaturation®?®"27,
Unsaturations induce a disordering, thus eliminating the
anti-parallel stacking of the phospholipid chains as compared
with the saturated system. Consequently, the transition
between the gel and liquid crystalline phase of the
unsaturated lipid will occur at a lower temperature. Not only
unsaturated phospholipid acyl chains alter the fluidity of

12



the hydrophobic core cf the membrane. Incorporated cholesterol
also affects membrane fluidity. Under physioclogical
circumstances, cholestercl induces a profound condensing
effect when the phosphelipids are in the ligquid crystalline
state. On the other hand, a liquefying effect occurs for the
gel state phospholipids®®.

From these points of view, it will be valuable to
investigate fluidity as a contributing factor for regulating
several membrane functions. A c¢lear definition of the meaning
of the term £luidity is hard to offer, Several types of
motion (inter- and intramelecular) have to be considered to
contribute to membrane fluidity, such as lipid exchange
between the bilayer and the surrounding medium. However,
this process is very slow [average exchange time of the order
of 24 hrs.), and thus hardly contributes. Another slow process
is the interchange of lipid molecules between the outside
and inside of the bilayer: transverse diffusion or "flip-flop"
(Figure 1.2), with an average interchange time of the order
of minutes. Im contrast to these kinds of motion, the latersal
diffusion of 1ipid molecules in the plane of the bilayer is
a fast process (correlation time ~ 10_8 5). Besides this
latter process, fluidity alsc depends upon uncerrelated and
correlated molecular processes generated by the coherence
with neighbouring lipids (the correlated process is frequently
referred to as the "Correlated Molecular Ordering")??.
Examples of the former type are conformational changes between
antt and ganche and rotations about individual bonds. Examples
of the latter type are correlated phencmena such as
intermolecular packing, kink-diffusion and axial rotation
of the entire phospholipid chains®®-*", It should be realized,
however, that these molecular processes might not be entirely
independent of each other. For example, diminishing the
coherence between neighbouring chains will induce more kinks
within and/or less packing between the 1lipid molecules, which
in turn influences rates and types of intramolecular mobilities.

I.4 Mized micelles and mixed bilayere as model membranes
Just as ordinary micelles, phospholipid membranes are

13



miscible with various kinds of substrates possessing
hydrophobic groups {see Section I.2}!'. Non-amphiphilic
substrates such as cholestercl and proteins only penetrate
the phospholipid bilayer, while amphiphiles can also induce
for instance former mentioned polar discontinuities, due to
their nature to adopt micellar structures. As is generally
accepted, mixed micelles/bilayers play an important reole in
the process of cell-divisioen, cell-fusion, reconstitution
of biomembranes and they also act as pharmaceutical drug

carriers®r35-3%¢6,

All natural occurring membranes are mixed
aggregates, containing different types of lipids and proteins.
Knowledge of the fluidity of simple mixed aggregates can
offer a relevant contribution to the elucidation of specific
interactions between biomembrane phospholipids and their
substrates. Model studies are most conveniently carried out

on simple well-defined systems. Q\

I

monomeric exchange

transverse diffusion

[
1y
T
1l

p——"] = — Cr— =—9
= o —0 O —=

L It
b L

Figuve 1.2 [Dxchange procegaes within the bilayer.

lateval diffusion

I
J
I
I
I
I

.86 Seope of this thestias

In the past decade, many biophysical studies have been
performed on model systems of biomembranes, by means of a
wide variety of analytical methods, such as ESR-, NMR-, IR-,
Raman and Fluorescence spectroscopy, Differential Scanning
Calorimetry, X-ray and Neutron Diffraction®. The subject
of this thegiz <3 to apply 13: yur gpectrogeopy in particular
to investigate the fluidity, caused by interactions betuween
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netghbouring conetituente, of mized micelles and bilayers

of phospholipids and their substrates (for instance fatty
acid derivatives and cholesterol) om a molecular bagis,
Moreover, the applieability of 130 NME spectroscopy in this
particular fteld of research ig extended, Attention will be
paid to the extent that incorporation of substrates modulate
the intermelecular packing, the intramolecular conformationa]
equilibria and mobilities of the components of the mixed
aggregates,

At this point it is essential to notice which motioens
can contribute on the 130 NMR time scale. These can be divided
into three classes: motions within the meglecules, motions of
the entire molecules and motions of the molecular aggregate,
Only small amplitude, high frequency bond rotations such
as anti-gauche rotations and kink diffusion build up the
first class. The second ¢lass surrounds meolecular motions,
which have already been mentioned (see Section I.3), such as
axial rotation, rigid body motions and lateral diffusion.
Other types of motion such as "flip-flop" and interbilayer
exchange are normally too slow to be detected by means of
13(3 NMR spectroscopy. The third class represents motions
of the entire aggregate, such as tumbling of bilayer sheets
or bilayer fragments. The extent to which these types
contribute mainly depends on the size of the fragmemt. On the
15 NMR time scale of observation large fragments tumble too
slow to affect the former defined fluidity (see Sectieon I.3).
From these consideratiens it is shown unambiguously that 13,
NMR spectroscopy is a most valuable tool to investigate
membrane fluidity. In the subsequent chapters the following
points regarding fluidization of the membrane will be
discussed in detail. Chapter II will deal with a concept
which distinguishes changes in intermolecular packing
from changes in intramolecular conformational
equilibria as contributors to the fluidization of the
hydrophobic interior. Mixed micelles of saturated fatty acid
salts of variable chain lengths will serve as subject of
investigation. In Chapter III this concept is applied to
mixed micelles of short-chain lecithins and saturated
hydrocarbon compounds which differ in m-alkyl chain lengths.

15



As for the hydrophobic region, results were obtained similar
to the mixed micelles of the fatty acid salts. For the
hydrophilic head group region the functien of molecular
mobility is intreoduced. It will be shown that the multiplicity
of the carbon resonances of the methyls of the cationic site
are highly influenced by the rate of motion of the CHZ-ﬁ site
around the CH,-CH, head group bond. In Chapter IV the
principles of packing, conformztions and head group mobility
are extended towards bilayer structures. Mixed-vesicle systems
of long-chain phospholipids and n-alkyl trimethylammonium
bromides of different chain lengths are studied. A dynamic
picture is effered for lysis of the bilaver when raising the
concentratien of the lytic n-alkyl compounds to ca. one equiv.
Contrary to the decrease of the particle size upon lysis, in
Chapter V inclusion of cholesterol is studied to monitor the
effects of increasing particle sizes, and concomitant
increasing aggregational densities! (f.e. packing), on the
fluidity of the hydrophobic and hydrephilic region of the
bilayer structure. For both types of intercalations (z.e.
cholesterol and the lytic compounds}, it will be shown that
the surrounding phespholipids possess an intrinsic property
which acts against disruption of the bilaver: the lecithins
reduce the degrees of freedom of the disturbing substrates.
Chapter VI surveys the effects optically active n—alkyl
quaternary nitrogen substrates have on the fluidity within

the chiral phospholipid bilayer, and wice versa. It 1is
demonstrated that the chiral substrate is pressed between

the surrounding chiral lecithins. Analogous to the single
stranded lytic ceompounds, it results in conformational changes
of the chain of the chiral substrate, as monitored by 3¢ MR,
Moreover, the chirality of the head groups of the substrate

is affected, as detected by CD spectroscopy. Finally, Chapter
VII describes the fluidity changes in the flat bilayer
orientation of phosphelipids upen intercalation of former
mentioned n-alkyl trimethylammonium bromides. Analogous to

the vesicular dispersions, also for the flat bilayer
dispersions the intrinsiec property of the lecithins of reducing
the degrees of freedom of the Iytic compounds is again

16



demonstrated by means of relaxation data. These relaxation
data are obtained by means of 2 new NMR technique for
anisotropic systems: the ”’C-CPMAS experiment.
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CHAPTER 1}

Al3C NMR study of mixed micelles.
Variation of interchain distances

and conformational equilibria

I1.1 Intreduction

Short-chain lecithins exist as large micellar aggregates
in water above a given critical micelle concentration (CMC).
The CMC depends on the fatty acyl chain length!. Lipid micelles
and mixed micelles of lipids and fatty acid derivatives arée of
hiological interest. They introduce the se-called polar dis-
continuities within the phespholipid bilayer, thereby altering
the permeability of the cell membrane for vital compounds?+?,
They also play an essential role in the process of cell
division?r*. Furthermore, the large tate of hydrolysis of
lecithins by phospholipases occurs also in the micellar state®’*
It is generally presumed, that conformational changes in the
head groups and/or the 1ipid chains as well as their relative
orientations and order, are of importance for the physical
chemistry of the lecithins®*7,

Recently, much work has heen done explaining the acyl
chain conformation of long-chain lecithins in different
aggregational states®’?(see Figure 2.1). The sn-1 chain is
orientated perpendicular to the bilayer surface and the sn-~2
chain is bent at the C-Z carbon atom and runs from thereon
parallel with the sn-1 chain®*®. In order to gain more insight
into the conformational behaviour of phospholipids, Roberts et
al.!'? applied T NMR techniques to several lecithins in differen
mixed micellies. The observed magnetic nonequivalences of the
four a-protons of the gn=-1 and en-? chain were explained in
terms of different conformational equilibria for the two chains®
Because of the difference in effective lengths of the sn-1 and
gn=2 chains, lecithin micelles as such qualify as mized micelles
to a certain extent!?,

20



Figure 2.1 Avevage orientation of lecithin head groups and
the aconformational nonegquivelense of Llectéhin aqeyl shaing inm
1ipid aggregates® V0.

On the other hand, single micelles of simple detergents
are studied frequently by means of a wide variety of physical
methods!®, A number of discrepancies, notably about the CMC,
still exists between the different analytical methods'?**!%,
More details regarding dynamics and conformational equilibria
of the acyl chains have been reported by Lindman et al.l3#l15s1%,
Topics as solubilization and aggregation numbers were also

included using 13

C NMR!7, Specific statements regarding mixed
micelles of C,,TAB and C,.TAB'® were reported!”. The difference
in chain lengths of the partners in these mixed micelles is

of the same order of magnitude as that which might prevail

in phospholipid micelles (with neminally equal gn-1 and en-2
chain lengths)!®, The different chemical shifts of the terminal
methyls of the C14TAB and the C16TAB constituents were explained
in terms of increased chain folding of the longer chain near
the apolar end. A similar explanation had been offered
previously for the solubilization of n-decanol in sodium
octanoate micelles!?.

In our opinion, alternative descriptions involving the
occurrence of chain separation and, consequently, changes in
van der Waale solvent effects on the chain should be considered
as well. A recent publication by Reberts et 2l.?" concerning
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T3¢ NMR of simple phospholipid micelles did not take into
account either solvent effects or the model descriptions of
Lingdman et gt.t7

Sections it will be discussed that conformational changes as

regarding mixed micelles. In the following

well as changes in packing contribute to the P3¢ NMR chemical
shifts of the hydrocarbon region of mixed micelles of salts of
fatty acids with different chain lengths,

I1.2 FResulte
130 NmR chemical shifts of the micelles have been assigned
by combining literature datal®*!7 and relative relaxation

data, assuming that T1-values increase towards the apolar
end?'2%%7%3  Pesylts are presented in Table IJ1.7. When mixed
micelles are formed, the '°C NMR chemical shifts of the
constituent chains change with respect to the single micelles
(see Table I11.2). When thc potassium dodecanocate solutiaon

was diluted from t.5 M to 0.15 M, no changes in chemical

shift werce obseyved. It indicates, that no changes in
aggregation numbers occur in this concentration range!?.

11.3 5ingle micelles as reference solutions for the mired-
miaeliar soluticns

For the hexancate NMR measurements indicate the formation
of aggregates of ca. five molecules of amphiphile in water!?.
Other experimental methods really indicate the formation of
micelles with larger aggregational numhers!*. The octanoate
forms micelles with an average aggregation number of ca.
seventeen! ??2%, while the dodecancate forms much larger

1225

migelles. Previous reports revezled no appreciable

interaction of water with the hydrophobic core of closely
packed surfactant micelles such as sodium dodecancate?®??7”,
Contradictory results have been shown to be due to
deficiencies in the analytical procedures?872%,

The '°C NMR chemical shifts (see Table II.1) of the
w=methyl groups fall roughly into three groups: 14.00 ppm
for the hexancate, 14.18 ppm (#0.07) for the heptancate and
the octanoate, and 14.25 ppm for the nonancate, the decanoate

and the dodecanocate micelles. Similar observations, albeit with
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larger discrepancies (due to non-negligible through bond §&-
effects of the polar head group in the hexanoate chain) can
be made for the w-1 methylene chemical shifts.

Table II.1 25¢ NMR chamical shifts of the single-micelle
solutions (1.5 M), welative to Me43ia

atom n~C12 n—CIO H-Cg n-68 n-C7 n-C6
2 38.40 38.48 I38.45 38.39 38.34 38.I2
3 26.90 26.89 26.83 26.73 26.59 26,15
4 30.47 30,23 30.13 20.8% 29,40 371.638
5 30.33 30.23 29.90 29.39 31.78 22.40
6 10.47 30.06 29.81 32,13 22.76 14.00
7 30.20 29.93 32.33 22.90 14.17

8 30.47 32.46 23.06 14.19

9 30.04 23.09 14.25

10 32.82 14,25

il 23.12

12 14,25

acéné at 128 ppm downfield from Me, 8.

Corresponding shifr differences are observed for carboxylic
acids in chlorcform. However, these compounds may form inverse
micelles in this solvent. A comparative study was also carried
out for solutions of sn-alkyl TABs!! in chloroform and water
(below the CMC for the latter solvent). The results indicate
clearly that the variation within a homologous series of the
135 NMR shifts of inverse micelles and of monomers do not
differ significantly. Solutions of n-alkanes do not show a
comparable behaviour®?. Therefore, it is supgested that the
observed shift differences for the methyl carbons of the
alkanoate micelles indicate the formation of three different
micellar solutions. The reason for the differences between
n-alkanes and substituted derivatives over such leong distances
must be due to the propagation of conformational perturbations
caused by the substituents. Through bond substituent effects
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Table II.2 (De-lghieldings upon mizved-micelle formation as compared with the corrcspanding

gtnrgle-micelle solutions

L) . .
affestive mizing dodepatioate carbons™ shorter amphiphile cankong
. .2
consentration ratics
2 12 [ E] 4 5 5 7 [l o [

2:1 <008 ~002 40027 +0DB R +BRLE +D0E
11 —OOE 007 004 #0040 000
1:2 17 X “OOE 3002 +004 4003 40058 -00E
L:d LDE 008 001 -4 #0086 4000 oDy
14 0P —0d L -0 sD8E H0E #00
1:4 00 —Q02 001 -0D3 4004 4005 00y
21 AR —003 0L -003 4006 +00%  -DOT 00
1:1 +0L1 —005 00 ~DH -O0B  +RLD s DOR 001
L:2 00 —O0T 0L +002 <005 +00F  +B0d L005
L3 00T —fL0S sRGO 002 006 +00F  $ D05 <D0
Lk +008 ~00s - «001 -0 4004 =005 +003
14 +00E —G0h  SERG 001 #0003 +004  +DOF <003
Lt 02 002 -eOL -003  -00B 4008 -006  +012 01§
12 1] 009 Lk0)  +D02 <004 006 <006 «DOB 010
L:1 +033 ~0DE - 0ol +005 #0085  s0014
[ + 1R 009 ood -0 +003  +003 Q11
L:L T H -006 001 -0 4001 <003 +0ED
53 +014 ~008 001 - +000 L0002 00T

“Mixing ratios (m/m) are defined as the quotient of the concentrations of the dodecancate and
the shorter amphiphile.

bSpectraI assignments of the C-4, C-5, €C-6 and C-8 atoms of the i chain were impossible
because of overlapping signals, just as the carbons corresponding to the wacancies in the
table. About the -2 and C-3 effects of the C11 surfactant in its mixed micelles, one can
only speculate. Small deviations in the basicity may bring about these divergences on the

chemical shift differences.



are measurable only over small distances (maximally five

C-C bonds) and thus can hardly contribute. The fact that
comparable shift differences are found in the inverse micelles
and in the monomers of the fatty acid salts indicates that
conformational freedom is not significantly impalred in the
latter.

IT.q4 Theoretical gongiderations and moedel deseription for
the miged-micellar solutions

In Figure 2.2a, the conventiomal picture of a micelle
is presented, according to the classical Hartley-modeil?®!.
However, the rodlike shaﬁe of the surfactant chains is not
meant to represent all-sztended conformations. It is only
presented in this way to demonstrate that, on a time averaged
basis, all monomers forming the micelle will be equivalent,
This also pertains to the number and positions of gauche
conformers®®,

Recently, theoretical descriptions of micelles have been
put forward by p<i1 and Flowry*?and Pratt®?. These descriptions
are based on & space lattice model combined with Monte Carlo
type simulations. In the former case, a cubic lattice is used
without weighing different chain conformations according to
their different energies. In the latter model a diamond lattice
is combined with weighing based on a number of interaction
energies between head groups and chains, both intra- and
intermolecular. In these two respects, the Pratt model seems
more realistic than the model of Flory. Both descriptions
share the disadvantage of not being able to accommedate chain
conformations of the crank shaft type as proposed many times
for 1lipid bilayers®" and polymer chains?®., Even in other
simulations these "kinks' are also taken into account’®,
Further arguments against the theory of pill and Flewry are
found in the data of Zemb and Chashaty®’- The latter showed
that the experimental data of Cabare®®, to which p7li refers

in a more recent paper®®

, were unreliable. Zemb and Chaahaty
indicated that the paramagnetic relaxation data of Cabane
did not depend on the abselute rate of internal motions of

the micellar particle.
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Figure 2.2 Model for mized-micelle formation: al) the (4,
single micelle; k) the mixed micelle for the 1:1 mizing ratic¢;
@) the mixed micelle for the 1:2 mixing ratic; the methyle

of the long and short surfactants are dencted as wy and We s
respectively. At constant conformational equilibria of the

C
11
decrease 1n dimension upon elongation of the acyl chatn length

ehains upen mixing, intramicellar cavities (shaded areas)

of the short purfactant (ee¢ Figure 2,2b) and increase upon
lowering the mixing ratic (gee Figure 2.2e). Open circles
represent tha head groups of the short scaps and full civeles
represent the head groupe of the long (011) amphiphiles; the
dimensions are not correct. Unly a schematie representation

ig offered. Rod-like shapes of the aeyl chaine do not represent
all-extendad conformations, The actual conformational behaviour

2an be viewed for instance as follous:

G

or any other conformation in which kinks are confined to certain
non-netghbour layers. In reality, the assembled Kinke will meve
in time about the longitudinal divestions of the chaine. Kinks
in the shorter amphiphiles in mimed-micellar gsystems also have
the above-mentioned requirements. The motional fresdom in the
wy-wy part of the longer chains may be larger.
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With regard to the single micelles (see Section II.3),
consideration of lattice models instead of conventional
micelles would not influence the discussion of our NMR results.
However, the lattice model representation is rather convenient
to visualize the medel of mired micelles of fatty acid soaps
of different acyl chain lengths (see Figure 2.3a). A number of
facts can be deduced.

Figure 2,3 Lattice model representation after Dill and Flory’'?;
a) twodimensional represgentation of the creogs section of «
cylindrical micelle. Lattice sites, eaech containing sa, 3.6
methylene growpa’?, are indicated. Head groups are gituatad

in the outer layer. The figure £s3 neot meant to reproduce a
time=aueraged basie, but rather a momentanecus view; b} two-
dimengional spepresentation of the coroes section of g cylindrical

mized micelle, analogoug to &),

First, with complete filling of =21l quter lattice sites
by chain segments (it is more appropriate to consider methylene
groups rather than chain segments®?, as this is more realistic
from a practical peoint of view), the long amphiphile chains
would have to assume lateral displacements (gauche conformations
in reality)} at or very cleose to the w, carbon atoem, which
should lead to open lattice sites in the center of the micelle.
Under the assumption of complete filling, however, this results
in smaller micelle diameters®?. This conforms to the strategy
taken by, e.g., Lindman et ol.!”7. Secondly, without complete
filling3?, open lattice sites are created between two adjacent
long chains (between the Wepq carbons). These vacancies or
cavities "move' in time over a complete layer parallel to the
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aqueous interface occupied by the polar head groups®®, thus
creating larger gwerage distances between the long chains.
The same occurs for layers farther inside the micellar core,
but to a lLacser extent (see Figure 2,3b), Thirdly, the number
of lattice sites within a given layer could be adapted for
mixed micelles compared with the single micelles, So complete
filling over all lattice sites is maintazined. These sites,
however, have to possess larger dimensions. This would lead
to essentially the same consequenges and conclusions as in
the sccond case (vide supral.

We are thus left with two basically different possibilities:
increased "folding' (with respect to their single micelles) of
the long chains in the mixed micelles (vide supra: the first
consequence) or rather constant confermational equilibria of
the long chains (with respect to their single micelles) leading
to larger average interchain distances (vide supra: the second
and third consequence}. Both processes would lead to increased
shielding for the w Tw, parts of the long-chain surfactant
molecules but with different relative magnitudes, A detailed
interpretation in terms of U3¢ NMR chemical shifts can
therefore be offered. The shieldings, concomitant with gauche
aonformations in the acyl chains, are given in Table II.3a.
These values are derived from literature data®?r40-%%,
Shieldings arising from inereazed interchatn distances should
reflect the relative sensitivities or site factors of the

“habS, In practice,

methyl and the various methylene groups
this means that relatively large effects are observed for
the methyl signals®®: ca., three times larger azs compared with
methylene carbon signals (for different methylenes, the
variance of the extra interchain distances along the direction
of the chains would have to he considered as well, in theory).
The consequences of the model presented here in terms of
T3¢ NMR chemical shift differences can be summarized as
follows (see also Figure 2.2b and Figure 2.2¢). Shielding
effects are to be expected for the wy through the Wy
carbon atoms of the »n-C,, chains, caused by decreasing wvan
der Waals interactions and increasing contributions of

gaushe conformations. These effects will be enhanced upon
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solubilization of more short chain amphiphile (Figure 2.2Zb
and 2.2c). If only decreasing van der Waale interactions
participate upon mixed-micelle formation without conformational
changes, it is possible to offer the contributions to the
chemical shift changes purely from geometrical considerations.
The methyl carbons of the short soap molecules will approach
the Weyq carbons of the longer n—-C11 chain. Consequently, &
maximal shielding will appear at or near the Wayn carbon of
the n—C11, Furthermore, there will be 2 gradient of shielding,
decreasing towards the terminal methyl carbon of the long
surfactant. When the concentration of the short chain
amphiphile is raised, the changes for the Womuy part of the
dodecanoate molecules will be larger, but it is expected that
the maximum effects remain on the same carbons of the long
chains, This is borne out by our results. In addition, the
possibility of a maximum solubility of the shorter soap
molecules into the longer soap micelles always has to be
taken into account. For the short-chain soap molecules,
deshieldings with respect to its single micelle are to be
expected because of three reasons. First, the chain is
transferred from a medium consisting of short acyl chains
(plus water in the case of monomeric solutions) to longer
dodecanoate chajns**~*%, Secondly, the packing in the mixed
micelle presumably will be tighter than in the shert-chain
single micelle, causing smaller interchain distances and
larger van der Weals interactions. If only these solvent
effects participate, the deshleldings should reproduce the
respective site factors, thus leading to maximal differences
for the methyl carbons®?**%-%&  Thirdly, alsc conformational
changes towards extension may contribute. Then, contrary

to the effects packing induces, relative deshieldings as
indicated by opposite values of Table II.3a should occur.

II.5 Digeuzeion

The observed '°C NMR chemical shifts of the dodecanoate
single micellar solution upon dilution over the concentration
range of 1.5 M to 0.15 M indicate that no changes in
aggregation numbers and concemitant changes in chain
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13 wMp shieldinge (in ppm) which gauche

Table II,3a
aonformare fnduae on the itndividual ecarbone of the C~7/0=18

fragment of an all extended dedecancate chain®

c-12 C-11 C-10 c-9 C-8 c-7 C=0
I -4 -2 -2 -4
II -4 -2 -2 -4
III -4 -2 -2 -4
v -5 -2 -2 -4

I: gauche C-7/C-8; II: gauche C-8/C=9; I17: gaueche C=9/C-10;
IV: gauche C-10/C-11. *From references?s—*¢,

Table II.,3b Simulations of the experimental deta in termg
of eonformational echanges only (in ppm)b

C-12 C-11 C-10 c-9 C-8 c-7 C-6

€y,/C5°|-0.07 -0.13  -0,20 -0.17 ~0.10 -0.13
(1:2)

cﬂ/céc -0.10  =0,11 -0.15 =0,22 -0.15 -0,11  =-0.08
(1:2)

bOnly decimals best resembling the experimental values (see
Table I1.2) are mentioned. Conformational ratios weye 1.4%
IV; 2.5% II1 and 3.2% II for the C”/C7 mixed micelle and
2.0% IV, 1.8% YIX; 1.8% IT and 2.0% I for the C11/C6 mixed
micelle.

®Mixing ratios: see footnote Table II.2.

conformations occur (vide supra)®?®, Therefore, the shift
differences for the dodecanoate chains which occur upon
formation of mixed micelles are to be ascribed exclusively
to the inclusion of sherter chains or the replacement of »n-
C11 chains by shorter ones. NMR-measurements would probably
not distinguish between these phenomena. The latter model,
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however, was postulated by Brady®’. Although the conditions
for the latter experiments and those described im this
Section differ significantly, a certain analogy between the
two situations cannot be denied. The basic idea of the model
presented here is not impaired by the uncertainty regarding
inclusion versus replacement.

The enclosure of hexanoate wolecules in dodecanoate
micelles causes a clear gradient of shielding along the long
chains from the Wy methyl towards the ug {i.e. €-6) methylene
group. It indicates that changes in van der Waals
interactions prevail over conformational changes. A measurable
contribution of the latter effect can, however, not be ruled
out. This stands in contrast with mixed micelles of
dodecancate and heptanoate or longer soaps than the latter.
Consider, e.g., the dedecanoate/heptancate mixed micelle
at a mixing ratio of 1:2, The following shieldings were
observed for the deodecancate chain with respect to its single
micelle (see Table II.2):

c-12 c-11 c-10 c-9 C-8 c-7 C-6
~0.07 -0.,13 -0.18 -0.22 - -0.10 -

In order to explain these changes as far as possible in terms
of conformational changes, one would have to assume the
following percentages of axtrg gauche conformers (see

Table II.3b): 1.4% of IV, 2.5% of III and 3.2% of II. This
optimal conformational rearrangement is closest to the
experimental values (see Table I1.2). It is still impessible
to take large contributions of gauehe conformers into account
due to the discrepancy between the observed and calculated
relative shift differences. Other simulated conformational
rearrangements resulted in even larger discrepancies with

the observed chemical shift differences. It is useful to
mention, that the interchain distances between the
dodecanoate chains may be only 10=-30% larger than in the
single micelles {sum of van der Waals radii) to cause
sizeable shielding®®.
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From these simulations, it can be observed that a
definite conclusion, regarding the distinction between
changes in packing or in conformation of the n-Cqy;/5n-C
mixed micelles, could not be reached due to the inability
to resolve the relevant C-8 resonance of the dodecanvate
chain properly. However, it seems very'unrealistic to
explain a shielding gradient, comparable to the one
observed, completely in terms of conformational changes,
because there should be a large contribution of kinks arcund
the Wy g47Wy g bond, which seems very unlikely from a steric
peint of view. Furthermore, kinking around the WyoqTlyp o
linkage would result in a large shielding at the wy methyl
group which has not been observed. Thus, as already stated,
decreasing vam der Waals interactions (i.e. packing) are the
factors mainly governing the results described here. This
occurrence of chain separation between the dodecancate
chains in their mixed micelles is contrary to previously
reported results on C16TAB/C14TAB mixed micelles and
solubilization of 1-decanol in octancate micelles'”.

The values of the n—C11/n-CS mixed micelles (see
Table II.2) show increased shielding for the dodecanocate
chain protruding from the solubilized short soap molecules,
for the 2:1 through the 1:1 mixing ratio. At smaller raties
the shieldings remain fairly constant., This implies a
maximal solubilization of c¢a. one equiv. of hexanoate. At
higher concentrations of the n-Cs surfactant, mixed micelles
coexist with monomers of the hexancate anion. In the
following scheme the observations are summarized:

C11 + aCS — C11/C5 + (a-l)Cs

gtrngle micalle monemers 1:1 mized micelle manomersg

For the n—C11/n-C6 mixed micelles comparable cbservations
were made. As already mentioned (vide supre) comparisen of
calculated (Table II.3)} with observed {Table II1.2Z) shteldings
indicated pronounced contributions of van der Waals solvent
effects rather than conformational changes. Consequently,
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it was made plausible that chain separation mainly caused
the observed shieldings. Moreover, the solubilization of
heptanoate increases to ca. two equiv., as can be deduced ;
from Table I1.2. Mente Carle calculations*® reveal that

the conformaticonal free energy minimum of closely packed
alkyl chains is propeortional to the alkyl chain length.
Under the assumption that head group/solvent and head
group/head group interactions in single micelles of
dodecanpate are comparable to their mixed micelles, only
alkyl interchain interactions are important in the process
of mixed-micelle formation. This explains an enhanced
seAubilization when increasing the acyl chain length from
six to seven carbons. Dodecancate shielding effects increase
from the 1:2 mixing ratio and reach a constant value at
lower ratios. The chemical shift changes of the heptanoate
component upon increasing its percentage proceed
analogously to those observed for the hexanoate detergents
in their mixed micelles. Thus, for lower mixing ratios, it
is obvious that 1:2 mixed micelles coexist with heptanoate
monomers up to the 1:;8 mixing ratic. At this ratio, the
remaining heptancate detergent molecules would form a
solution with a concentration exceeding their CMC-value*®.
Consequently, heptancate micelles would be formed. The
heptancate soaps would equilibrate between the mixed and
the single micelles. As random mixing is preferred, a new
situatlon for the dodecanoate soap molecules might occur,
involving a statistical distribution over the availahle
micelles. In this way, heptanoate micelles would be formed
with one to two dodecancate molecules included. We like to
speculate, that for the latter chains the C-9 and C-10
carbons would presumably be located in the center of th=
heptancate micelle. In this regiomn, the average distance

of both carbon atoms to other ones will be relatively large,
causing smaller vam der Waals interactions., The wq methyl
effects are almost iIndependent of the n-alkyl chain length
of the solubilized partner as can be seen from the chemical
shift differences of the mixed soaps. The intermolecular

distances between the u methyls apparently depend only on
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the concentration of solubilized short-chain component. 5o
at comparable mixing rTatios elongation of the chain of the
short amphiphile decreases the volume of the cavities
between the n~C11 chains, as can be deduced from the
decreasing shielding effects of the »-C;, methylenes from
w, to wy (see also Figure 2.2). From the deshieldings of
the short-chain soeap molecules in the mixed micelles (n-CS
up 1o angJ, it is clear that both the decancate and the
noenanoate are in good agreement with previously observed
solvent effects?®®?¥%, The octancate and the heptanoate are
berderline cases, while the hexanoate matches with the
deshiclding effects of solubilized pentanol in octancate
micelles!’. These deshieldings are attributable to the
extension of the hexanoate molecules as compared with their
single-micellar reference solution'’. This can be seen

by using the opposite values of Table II.3a. In the next
chapter of this thesis, this extension and its simulation
will be discussed in more detail by means of mixed micelles
of a short-chain lecithin and hydrocarbhon compounds of
different chain lengths. Finally, the '°C NMR data of the
C,gTAB/C,,TAB mixed micelles, studied by Zindman ¢t a2.'7,
correspond nicely with those of the 1:1 mixed micelle of
the ﬂ—C11 and n—Cg soaps of this study. In retrospect, the
C16TAB/C14TAB mixed micelles form a special case of the more
general situation as presented in detail in this chapter.

II.6 Summary/Conalusions

d '3 MMR chemical shift changes with respect

Observe
to their single micelles upon mixed-micelle formation of
potassium dodecancate and short-chain potassium carboxylates
(hexanoate up to and including decanoate) were ascribed in
all but one case to increasing distances between the apelar
cnds of the long amphiphile chains as compared with its
single micelle. Only at an effective chain length difference
of ca. gix carbon atoms as for the dodecancate/hexancate
micellar systems can a different conformational equilibrium
of the dodecanoate chain net be excluded.

Furthermore, recently observed solvent effects upon
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mixing of n-alkanes of different chain lengths
compared with beth the decanoate and nonanoate chemical
shift changes upon mixing with the dodecancate amphiphiles,
This leads te the conclusion that the former detergents
are mainly subject to increased intermolecular chain packing.
Observed effects for the octanoate and heptanoate are not
as pronounced, and these soaps should be considered as
borderline cases, while the hexanoate undergoes
conformational changes towards more extension.

Finally, it is observed that maximally ca. one equiv.
of hexancate or ca. twe equiv., of heptanoate can be
incerporated into micelles of potassium dodecanoate. At
higher percentages of short-chain soaps, these maximally
incorporated mixed micelles coexist with short-chain soap
monomers up to the concentration where the short-chain soaps
reach their CMC-value and form micelles. Then a statistical
distribution of dodecancate melecules in short-chain
micelles 1s attained.

II.7 Experimgntal

Potassium alkanoates were prepared by neutralizing the
corresponding carboxylic acids (Fluka AG) with potassium
hydroxide (Merck AG) and purified by recrystallization from
methanol. Stock solutions of 1.3 M were prepared with
deionized water and stabilized with 0.1 M of potassium
hydroxide., Mixed-micelle solutions were obtained from the
stock solutions by adding the appropriate amounts. The
resultant solutions were sonicated for 15 min, at 25°C and
then allowed to stand for 5 days before measurement.

All 13C NMR spectra were rup at 62,93 MHz on a Bruker
WM 250 spectrometer under proton noise deéoupling. The
deuterium signal from C6D6 was employed as external lock
signal. All chemical shifts are relaFed to Me4si (C6D6 at
128 ppm downfield from Me,51). Eight transients cerresponding
to a spectral width of Z KHz were accumulated in 32K data
points limiting the resolution to 0.005 ppm. Pulse width
was set to a 90° flip angle.
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CHAPTER 111

Mixed micelles of dicctanoyl ~L-a-leecithin
and hydrocarbon amphiphiles.
Aspects of fluidization

JIT,1 Introduction
The importance of micelle-forming phospholipids in
biomembranes has often been stated, for example, as carriers

for membrane-bound enzymes!*®?

or transmembranc transpert-
enhancing constituents within a bilayer membrane or particles
stimulating cell division®, Conformational and motional
behaviour of head groups and acyl tails and perhaps alse
intermolecularly correlated molecular ordering?® may well be
of great interest for these regulations. LEfforts have been
made in the elucidation of the conformational structures

of micelles of short-chain lecithins by means of different

spectroscopic methods. By 1

H NMR the intrinsic nonequivalence
of the en-1 and sn-2 acyl chains of dioctanoylphosphatidyl-
choline and dipalmitoylphosphatidylcheoline is visible". In
total, four separate a protons were observed,; the remaining
proton signals either overlapped or were not assigned. The
explanation was given in terms of different conformational
behaviours ¢of both chains, as suggested earlier by Seeliy
gzt al.,®, who studied the gel phase and liquid crystalline
phase of dipalmitoylphosphatidylcholine and dipalmitoyl-
phosphatidylethanolamine. In this picture, the sn-1 and
sn-2 chains run parallel to each other except for bending
of the gn-2 chain near the C-Z carbon atom. This results

in different effective chain lengths®. Recently, also 13C
NMR spectra were published for dibutyryl-, dihexanoyl-,
diheptanoyl- and dioctanoylphosphatidylcholine®. Again, the
intrinsic nonequivalent chains resulted in partially

136 NMR spectra with
considerably better resolution will be presented. For all

resolved spectra. In the present study
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but two carbons separate signals were observed and assigned
to the en~1 and ern-2 chains. It will be shown that micelles
of DOPC? resemble mixed micelles of n-alkyl detergents
bearing chains of nonequivalent lengths. Increasing the
effective chain length difference upon elongation of the
sn~1 chain causes fluidization near the apolar middle region
of the bilayer. Xeough et al.® described this fluidization
in terms of intermolecular ordering. Stdmpel et al.?
supposed intramolecular contributions like disordering
conformational changes. However, van der Waals attractive
interactions either were ignored® or were presumed to be
constant®. In our opinion, the latter have to contribute
(see Chapter Il). More explicitly, the extent to which
(intermolecular) van der Waals attractions on the one hand
and (intramolecular) conformational changes on the other hand
cause fluidization should be a function of the effective
chain length difference. Recently, & method has been
developed for interpreting 3¢ nMR spectra of mixed
micelles of different alkanoates!'®. This was performed in
terms of conformational equilibriaz changes with respect to
the single micelles on the one hand and decreasing chain
packing on the other hand (see Chapter II}. It was possible
to distinguish these two factors to a certain extent. Also
the possible influence of solvent effects on the spectra
were mentioned. The model of Chapter II will now be applied
to mixed micelles of DOPC and several TABs. [t describes
the connection between packing, conformations and the
effective chain length difference (vide supra) with respect
to the process of fluidization. :

III.2 Regults

13C NMR chemical shifts of the micelles have been
assigned by combining literature data and relative relaxation
time values, assuming that 'I‘1 values increase towards the
apolar ends®??'?, Such a pattern was first suggested by
Allerhend ¢t al.'?® and subsequently by others**¥—% It is
primarily based cn increased segmental motions or

rotational diffusions near the £ree ends of the chains.
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Such a pattern is quite general. Results are presented in
Table 111.1. Tables I1XI.2-6 show the chemical shift changes
of the mixed micelles with respect to the micelle solutions
of the pure detergents. Assignments of the different carbon
pairs to the sr-1 and en~2 chains have been performed by
assuming that the spin-lattice relaxation times of the
carbons of the s»-1 chain are largexr compared to those of
the sn-2 chain®. Figure 3.3 shows the effects of TABs on
the head group mobility of the DOPC in the mixed micelles.
Table III.7 indicates the effects of TABs on the chemical
shifts and line widths of individual lipidic head group

nuclei.

III.3 Reference sclutione for the mixed micellar solutions:
the gingle micellas

The present measurements yield a better resolution for
the DOPC micelles (sce Table III.1) with respect toc recently
published data®, The visibility of the nonequivalent
behaviour is not restricted to carbon atoms close to the
carbonyl functien® but extends over almost the complete
chaing, The w-methyl resonances of the lecithin show
shielding compared with micellar solutions of the quaternary
ammonium detergents. Since water penetration can be ruled
out®, it will be shown that a decreased chain packing within
the lecithin micelles may be possible. From geometrical
considerations'?, the micellar shape of the lecithin
aggregates has an average area per lipid head group
comparable with that of the TABs, because lipid head group
repulsions should not be affected significantly by the
presence of one or twoe alkyl chains attached to each head
group. If the lecithin agpregates were spherical, the average
head group area would be twice as large as the area per
emerging chain with respect te spherical TAB micelles, The
increase in the lipid particle size results in a decrease
of the average surface area'?, which in turn results in a
tighter packing of the head groups, in order to optimize
head group interactions, and consequently in a looser
packing of the w-methyls. Indeed, the lecithin micellar
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shape was found to be rather rod-likel".

The 'S¢ NMR chemical shifts of the DOPC micelles were
insensitive to concentrating the solution £from 5 mM
to 50 mM. It indicates that no changes in molecular packing
and conformational changes occur'®. As the micellar size of
the lecithin aggregates is larger than spherical, this
growth of the DOPC micelles apparently does not influence
the 13C NMR spectra significantly, since the line widths are
also constant over the entire concentration range.

Furthermore, the results indicate a similarity between
the behaviour of mixed n-alkancates of different chain
lengths'® and synthetic short-chain lecithins in an aqueous
medium, Both systems represent a magnetic nonequivalence
between the different alkyl chains for comparable carbon
atoms.

In Table III.1 the chemical shift values of the TABs
are mentioned, which will serve as the reference systems
for the TABs in their mixed micellar systems with DOPC.

ITT.4 Miged micelles of DOPC and several n-glkyltrimethyl-
ammonium bremides

III, 4,1 Hydrophobic regifon: analytical considerations
Several aspects have to be considered upon interpreting
NMR chemical shifts of DOPC micelles mixed with
amphiphiles of different effective chain lengths. Analogous
situations in simple mixed micelles of alkancates have been

TSC

discussed in detail in the preceding Chapter (see Section
¥1.4). It was shown that mainly two factors will influence
15¢ NMR chemical shifts of alkane meieties, vis. different
conformational equilibria and/or different environments!®?'®,
Sometimes, these two facters are interconnected'’. Different
environments per se (solvents, packing) will cause different
medium effects on the chemical shifrs. The relative
magnitudes at different positions in a solute are governed
by site factors!®’2?®, For convenience, relative site factors
(in ppm) within an alkane fragment are presented in Figure
3.1e. So that van der Waals solvent effects on the cne
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hand and conformational changes on the other hand could be
distinguished, a schematic representation of the chemical
shift changes is also offercd (Figure 3.1). In terms of
13(: NMR chemical shift changes Figure 3.1a reproduces
schematically the influence of contributiens of gauche
conformers for the alkyl fragments investigated here.
Literature data from Mann, Bovey, Schneider, de Haan and

17921 yere combined in order to arrive at the

coworkers
absclute values of the chemical shift changes upon the
formation of a single gawche from an antd conformer, With
respect to an ant{ conformer, carhons at a relative 1,4
gauehs position are shifted upfield by about 4 ppm (except
w-methyls which are shifted upfield by about 5 ppm).
Intermediate carbons change by about half this magnitude.
Taking into account all pessible gauche conformers in
different ratios results in the shielding patterns presented
in PFigure 3.1b-e¢. Figure 3.1d shows the opposite effects

due to generating pessible arti conformers from gauche
conformers. Quite obviously, no clear-cut distinction
between the two aspects is possible in all cases. However,
combining the literature data of Figure 3.1 and the
experimental data of Tables III.Z-6, it 1is possible to
indicate approximately to what extent conformational changes
on the one hand and medium effects on the other hand will
contribute to the observed chemical shift changes.

IIT. 4.2 Hydrophokie regien: geomgtrical considerations

A few consequences of the combined influences of
conformational changes and alterations in environment will
now be discussed, in close analogy with mixed fatty acid
scap micelles?®,

First, ghieiding ig expected for cavbon atoms of those
parts of the TAE chatng which protrude from the DOPC aoyl
shains (Figure 3.2). The average distances between those
alkyl chain fragments are then larger than in their single
micellar solutiens. This is the case for the C,,TAB up to
the C13
diminution of van der Wagals solvent effects., In addition,

TAB detergent. Larger interchain distances cause i
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Pigure 3.1 The influence (in ppm) of single gauche conformers
on the '°0 NMR chemical shifts of all-extended hydrocarbon
ehatin fragments (al).(b) Possible gauche conformers of that
part of the CzszB ehatn protruding from the DOFPC molecules

in their mixed micellegs. Full circles at the laft side of

the chatn fragmente represent the methyls. The caleulated
shielding pattern which regemblces clocest the experimental
data of the C-18/0-18 gegment 15 given. It was cbtained by
weighing the gauche conformere in the ratio indiecated,

(a) Simtlar to b, for CIHTAB in mixed micallgs with DOPC.
Again only values which are alogest to the experiments are
mentioned. (d) Deshielding pattern of C,TAE in DOPC micelles
obtained with opposite values of a, assuming aimogt aqual
contributions of anti conformers around all bonds, (e} Relative
site factors within an alkans chain fragment due to decrzasing
van der Waals tnitergetionsl?®.
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Table III.1

Referencea for the mized-micellar systems.

130 WM ehemieal ehifts of the single-micelle solutions
(50 mM) relative te Ms,51%

_ y
DOPC
atom| en-1  sn-2 C.TAB  C,,TAB C,,TAB G, TAE C, TAB
2 | 34.43 34,52 22,40  23.08  23.26  23.32  23.38
5 1 25,18 25.31  25.93  26.38  26.50  26.66  26.72
4 | 20,45 29,51 28.55  29.20 29.52 29.62 29.72
5| 29.357 29,417 28.55  29.57
6 32,12 32.12  31.41  29.71%
7 22,89 22.94 22.71  20,84%
8 | 14.08 14.13  13.87 29.84”
9 29.51
10 32,11 30,14
11 22.84  29.79  30.38
12 1417 32.32  30.22
13 22,99  20.87
14 14,25 32.38  30.25
15 23.03  29.96
16 14.26  32.44
17 23.08
18 14,29
“cybe at 128 ppm downfield from Me Si.

4

bresonances could not be assigned properly because of little

or no differences in T1wvalues.

S

Figure 3.%

Average orientation of monomers within a part of

@ erosg-section of a 1:1 mized miselle of DOPC and ¢qgTAB.

For conventence all-extended conformations are drawvn.
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increased differences in effective chain lengths possibly
lead to conformational changes towards more kinking. This
is consistent with the conclusions of Petersen and Chan'®,
and de Haan and wan de Ven'?, who describe intramolecular
alterations as a consequence of correlated intermelecular
van der Waalg attractive interactions going from a relatively
ordered (single micellar) state te a relatively disordered
{mixed micellar) state, rather than the reverse. A decrease
in intermolecular interactions (Z.e. by '"chain unpacking")
will lead to shielding, as mentioned for neat and diluted
T3¢ MR
studies of polyethylene in different packing states'®,

alkanes'®. Similar conclusions were reached from

Furthermore, it will be obvicus that effects are most distinct
in mixed miceiles containing an excess of lecithin (Z.e.,the
4:1 m/m mixing ratio), in which TAB undergoes the largest
perturbation from the surrounding lecithin molecules.
Seaondly, for the carbons in the part of the TAB chaing
which are gituated divectly in the DOPC aeyl chain region
of the mized migelle, deshieldings are anticipated, These
are caused by increased van der Waazls interactions and/or
by an increase in the ratio of anti to gauche isomers. These
effects are expected also to increase upon raising the
concentration of the zwitterionic detergent (vide supra).
Consequently, for the lecithin acyl chains incorporated
in micelles of longer n-alkyl chain amphipiles, also
deshieldings are expected due to increasing solvent effects
along with conformational changes towards more éxtended
forms. If only solvent effects participate, deshieldings
should correspond to the respective site factors, thus
leading to maximal differences for the methyl carbons??®.
These differences increase upon lowering the lipid
concentration.
Finally, for the TABa poeeessing effectively shorter
alkyl chains ge¢ compared with DOPC, only deshieldings
are agnticipated (vide supra). Thus, shieldings will cccur
for the carbons for these parts of the lecithin acyl chains
which protrude from the a-alkyl TAB chains, Recapitulating,
combining literature data of Figure 3.1 and the experimental
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data of Table III.2-6 we are now able to indicate approximately
to which extent conformational changes on the one hand and
solvent effects on the other hand will contribute to the

observed chemical shift changes.

mixing ratios

carbon no. 4:1 2:1 1:1 1:2 1:4
¢, TAB
o, +0.16 +011 +0.08 +0.06 +0.03
o, +0.19  +0.14 +010 +0.07 +0.04
c, +0.26  +0.17 013 +0.08 +0.04
C, +0.26  +0.17 +013 +0.08 +0.04
c, +0.21 4014 «010  +0.07 +0.04
a2, +0.13 i Q.11 +0.05 +0.04 +0.02
[+ 0,10 £0.07  +0.05  +0.04 +0.02
DOFRC
Oy (3r-1)  +0.00 400 +0.00 +0.00 +0.00
(sn-2} +0.00 +0.00 +0.00 +0.00 +0.00
C,{sm-1) +0.02 +0.01 +001 +0.01 +0.00
(sm-2)  +0.02 40,00 +0.00 +0.00 001
C,(sn-1) +0.00 -0.02 -0.03 -004 -0.05
{sn-8) +0.05 +0.08 +002 4001 +0.00
. +0.04  +0.03 +0.02 +001 -0.01
+0.04 4008 +0.02 4001 -0.01
G, {sn-1)  +0.03  +0.01 +0.00 4000 -002
{sn-2) +0.08 +0.01 +0.00 +0.00 -0.02
G, (sn-1)  +0.02 +0.00 +300 -0.01 -0.02
(sn-2) +0.02 +000 -0.01 -001 -0.03
C, fsn-1) +0.00 0.03 -0.08 -0.08 -0.04
(81-2)  +0.00  -0.02 -0.02 -0.02 -0.03
mixing ratios
earhon na. 411 201 1:1 1:2 1:4
C,TAB
C, 021 4015 +0.08 21004 +0.01
C, +0.87 4028 047 +0.10 +0.04
o, +0.85 4041 4028 +016 +0.07
[ +0.59 V0,44 +0.280  +0.17 +0.08
(oA +0.51  +0.43 +0.25 +0.156 +0.08
[ +0.41 4039 +0.26 +015 +0.07
(}“b +0.40 40230 40,19 +010 +0.03
a, +0.31  +0.26 1017 +0.10 +0.04
[ +0.20 +0.16 1011 +0.05 +0.02
o +0.13  +0.06 +005 +0.01 +0.00
¢, -0.12 011 -010 004 -0.07
NOFC
C,(sn-1) 10,02 +0.08 +0.05 +0.068 +0.0%
(sn-2) +0.01 +0.035 +0.05 +0.06 +0.0%
C,(n-1) +0,08 +004 +004 004 +0.0d
(#1°2) 1002 +0.01 +0.01 +0.00 +0.00
C, (sn-1} +0.01 001 -0.04
(a-2)  +0.05 10,04 +0.08  -0.01
N +0.06 10,04 +0.02 +0.01
10,06 10,04 +0.02 +001
C, (sn-l) +0.04 +0.04 +0.02 4001 +001
{sn-2) +0.04 +004 +008 +0.01 +0.01
C,{en-l)  +0.04 +0.08  +0.02 4008 +0.02
{(amr-2) +0.03 +002 +0.02 1000 +0.00
C,{sn-1) +0.083 +0.05 1006 +0.08 +0.09
(sn-2) +0.03 +0.05 007 +0.08 +0.09
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Takle III.2 (De-)shieldings
upon mired-micelle formation
of CTAR and poFc?

%The total amphiphilé
concentratien is 50 mM.
Mixing raticos are defined
as the quotient of the
concentrations of the DOPC
and the TAE.

PTable TII.& (De-)eghieldings
upon mixed-micelle formation
of C,,TAB and popc?

“fhe total amphiphile
concentration is 50 mM.

brhe signals of the carbons
could not be assigned properly.



mixing ratios

¢arhon no,  4:1 2:1 1:1 1:3 1:4
C.TAB
[+ +0.10 «0.06 4003 +0.02 +0.01
C, +0.27 +0.20 +014 +0.08 +0.06
C, +0.38 +030 +021 013 +0.07
C, +0.08 +0.08 +0.04
C,, -001 +0.03 +0.03 +0.04 +003
C. -0.06 -0.03 -061 -0.00 -0.00
G -0.11  -0.0¢ -0.067 -008 -0.01
Cu. -0.82 -0.3¢ -0.24 -0.15 -0.08
DOFC
C,(em1) +0.01 +0.03 +0.05 +0.08 +0.0%
(gne2) +0.00 +0.02 +0.04 +0.07 +0.09
C,{sm-1) +003 +0.03 +0.03 +004 +0.04
(am-2) +0.01 -0.01 -0.01 -0.01L +0.00
Cif{sr1) +000 - 0.04 -0.07 007 -0.07
(am-2) 10,05 +0.03 +000 +0.00 -0.01
. +0.04 +0.02 +0.00 +001 +0.01
+0.04 +0.02 +0.00 +0.01 +0.01
C,(sm-1}) +004 +0.01 +0.00 +0.00 +0.00
(sm-2} +0.04 +0.03 +002 +0.02 +0.01
C.(sr-1l) +0.04 +0.04 +0.04 +0.06 +0.08
(en-2) +0.083 +0.02 +0.02 +0.04 +0.04
C, (sml} +0.03 +0.08 +0.18 +018 +0.21
(en-2) 4003 +0.09 +0.13 +0.17 +0,20
mixing ratios
earhon ng,  4:1 21 1:1 1:2 14
C,TAB
C, +0.05 +0.02 +0.02 +0.01 -00t
C, +0.22  +0.16 +0.09 +0.06 +003
c, +0.48 +0.24 +0.16 +0.08 +0.04
a, +0.16  +0.14 +0.04 +0.08 +0.04
C, 012 -0407 -0.02 -~0.01 -0.00
C, -0.17 -0.12 -0.07 -0.04 -0.02
C., 016 -0.12 -0.08 -0.04 -0.02
Cys -0.16  -013 -0.07 -0.06 -0.03
Cu -0.30 -0.26 -0.1% -0.12 -0.07
DOPC
Cy{en-l) +0.03 +0.04 +0.0% +0.08 +0.09
(2-2) +0.01 +0.08 +0.06 +0.08 +0.10
C,{an-1l) +0.04 +0.04 +0.04 +0.04 +0.05
{(am2) +0.01 +0.00 -0.01 -0.01 +0.00
C.sne1) -0.01 -0.03 -0.05 -0.068 -0.09
(sr2) +0.08 +0.08 +0.01 +0.00 +0.00
. +0.04 +0.01 +0.02 +0.02 +0.04
+0.04  +0.01 +002 +0.02 +0.04
C,(sn-1) +0.056 +004 +0.03 +0.02 :0.02
(sn-2) +0.06 +0.04 +0.08 +0.02 +0.0%
C,(sn-1) +0.06 +0.06 +0.07
©oise-2) +008 +0.04 +005
C,(sn-1) +0,11 4015 +0.20 +0.25 +0.28
(sn-2) +0.10 +0.14 +0.18 +0.22 +0.24

Table III.4 (De-)ehieldings
upon mized-micalle formatieon
of €,,TAB and DOPC*

%The total amphiphile
concentration is 50 mM.

Taple ITI,5 (De~)ehieldings
upon mized-micelle formation
of C,,248 and Dorc?

“The total amphiphile
concentration is 50 mM.
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mixing ratios

Table III.8 (De=)ehigldings

carhon no. 4] 2:1 1:1 1:2 1:4
C.TAB wpon mized-micelle formation

o ~0.01 -0.03 .0.038  0.08 -0,03 ; a

C £017 +011 4008 +0.05 002 | of ¢,,TAR and 00PC

C, 0,24 +0.16 +013 +0.07 4002

c, 0.22 04 -0.10  -0.02 -0.00

Ch 0.2 020 -017 -0.10  0.07

c. -0.23 017 -DJ4  -D.08 006

Cor <0.20 016 -0.13 -0.07 -0.08

c. 022 023 -020 -0.02 -0.08

LORC

C,en-1)  +0.08  +0.05 +0.06 +0.08 +009
(sn-2)  +0.01  +0.03  +0.05 +0.07 +0,09
C,(sa-1) +0.04  +0.08 +0.06 +0.06 +006
(sn-2)  +0.01 +0.01 +0.01 +0.02 +0.02
C,sm-1) +0.00  +0.00  +0.00  +0.00 -0.02
(sa-2)  +0.05 +0.05 1006 +004 +008
o, +0.05 +0.08 1006 +006 +0.05
+0.05 +0.06 ¢0Q056 +006 +005
) 4006 +0.07 +0.06 +0.07 +0.06
{sn-2)  +0.06 1007 +0.06 +0.07 +0.06

)

J

&, (sn-1 +0.02 40092 1010 a n

(sr-2) +0.02 1006 +0,08 The total amphiphile
C,(sel) 4015 +0.21 1022 +0.20 +081 phip

(sa-2) +014 4019 1021 +0.26 +0.27 concentration is 50 mM.

III,4.3 Hydrophobie region: discuseion

Combination of the data of Figure 3.1 and the observed
deshieldings upen intercalation of CSTAB in DOPC micelles
leads to the following conclusion. C,TAB becomes more extended
with respect to its monomeric solution??® over the entire
concentration range (Table III.2, the 7:4 up to and including
the 4:1 mixing ratio). This is in accordance with recently
published observations of Lindman and coworkers®?®., Effects
are most distinct in mixed micelles containing an excess of
lecithin (Z.e., the 4:1 mixing ratio), where the CBTAB
undergoes the largest disturbing effect from the lecithin
molecules.

Regarding the DOPC/C12TAB mixed micelles, deshieldings
are observed for the C-2/C-11 fragment indicating effects
comparable with the DOPC/CSTAB mixed micelles. However,
preonounced shielding is obtained feor the C-12 carbon. Since
no extra contributions of gauchke conformers are feasible
(Figure 3.1 vs. Table III.3), only decreasing van der Waals
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solvent effects are responsible. The reason is that the
C;;TAB surfactant possesses a greater effective length than
the DOPC molecules in the mixed micelles'®, and thus protrudes
from the lipid acyl chain region.

Incorporating C14TAB in DOPC micelles leads to an
increase of the effective chain length of the TAR amphiphiie.
This is reflected by the observed shieldings for the C-11/
C-14 segment of the C,,TAB with respect to its single micelle.
It is clear that conformational changes are possible in this
case in principle. For folding around the C-12/C-13 bond one
would expect shielding at C-11 (see Figure 3.7a). This is
not observed, however (see Table I1I.4). A decrease in
molecular packing is able to cause the experimental chemical
shift differences (the chemical shift difference of the C-14
carbon is about three times larger than the corresponding
value of C-13, and it is about twice as large as the
chemical shift difference of C-12 for the 4:1 mixing ratio).
Thus alkyl chain separation as compared with the single
micelles is accomplished. Furthermore, the pattern of the
observed chemical shift differences of the first eleven
carbons resembles that of the C,,TAB molecules in their
mixed micelles.

For the DOPC/C16TAB mixed micelles shieldings are
observed for the C-11/C-1¢ part of the C, TAB amphiphiles,
thus showing once more an increase of the effective chain
length., It is still impessible to take iarge contributions
of gauche isomers into account (see Figure 3.1 and Table
IT11.5), due to the discrepancy between the observed and
calculated chemical shift differences (for all anti/gauche
ratios). However, comparing observed with caleculated
chemical shift differences for the é-14/C-18 fragment of the
CIETAB surfactant in its mixed micellar systems with DOPC
indeed indicates pronounced contributions of gauche
conformers around the C~18/C-17 carbon bond, apart from
unpacking effects (ef. the experimental shielding of the
C-14 methylene carbon with its calculated value based on
conformational changes). In retrospect, the situation

described here is similar to that of the mixed micelles
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of potassium dodecanoate and potassium hexanoate described
in the preceding Chapter (see Section II.5). In this latter
case, it was not possible to rule out conformational changes
of the dodecunoate chains with respect to their single
migelles. A definite conclusion could not be reached due

to the inability to resolve the C=8 resonance of the
dodecanoate properly.

For the phospholipid in its mixed micelles the chemical
shift differences of both chains are retained almost
independently of chain length and concentration of the
n-alkyl TAB. Consequently, this implies a rather unaltered
average conformational behaviour of the #x-71 and sn-2 chains
in the mixed micelles. Only wvan der Waale solvent effects
change upon mixed-micelle formation with the TABs, This is
clearly demonstrated by maximum differences in chemical
shift for the methyls’? reflecting the respective site
factors?®, Logically, induced differences are most pronounced
for mixed micelles containing less lecithinm (Z.e., the 1:4
mixing ratio) and decrease towards the 4:1 ratic. At the
lowest ratio the lecithin undergoes the largest disturbing
effect from the surrounding TABs. This perturbation fades
as the lipid concentration is raised to ratios where the
n=alkyl amphiphilic TABs hecome the perturbed moieties in
mixed micelles containing lipid melecules (Z.2., the 4:1
mixing ratio). S0, the possibility has been demonstrated
to determine, at least approximately, to what extent TAEs
incorporated in DCOPC micelles undergoe additional chain
bendings as compared with the single micellar solutioms.

IrI.4.4 Hydrophilic region: analytiecal and geometriecal
aoneiderations

Prior te the following discussion {(see $Section III.4.5)
a general principle of lecithin aggrepates regarding the
dynamical hehaviour of the CHz-ﬁ linkage of the lipid hé&ad
group will be discussed?*. In the preceding Sections, two
aspects involving fluidization of the hydreophebic core were
treated, namely packing and anti-gauche isomerizations. In
this Section fluidization of the hydrephilic region will be
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discussed. Recently, it became clear that the conformation
of the lecithin head group is similar in the monomeric, the
micellar and the bilayer state’’25% 2% Even additives such
as fatty acid derivatives, amphiphiles and cholesterol do
not affect the lecithin head group conformational
equilibria??—%?, The data of Table III.7 indicate that TABs
also are unable to influence either lecithin head group
conformations or head group motions notably.

Table III.V7 EZF and ISC NMER shemiecal ehifts (in ppm), line
wiedthe (in Hsl) and 31?-130 coupling congtante {(in #z) Ffor the
mixzed miceliqr solutions of DOPC and CIBTABa'b

DOPC/CTBTAB mixing ratios (m/m)

100:0 50:1 4:1 2:1 T:1 1:2 1:4
3p 0.01 0.01 -0.01 -0.03 =0.07 =0.10 =0.12
T3¢ cho? 7114 71.14  71.18 71,20 71.22 71.23 71.24

CHzoPd 64.17 64.17 64,16 64,18 64.20 64.24 64.27
CHZOG 63,49 63.49 §£3.51 63.54 63.58 63.62 63.65
CH20Pd 66.62 66.62Z 66.61 66.61 66.62 66,60 66.62
CHZﬁd d 59.94 59.94 59.93 59.94 59.8% 59.96 59.98
ﬁ(CHS)3 54,60 54.60 54.60 54.60 54.62 54.64 54.65
Jo_p CHO? 7. .6 7.6 7.3 7.6
CHZOP" 4.6 4.6 5,0 5.0 5.2 4.8 5.9
CHZOP . 5.0 5.0 5.0 1
AVA 13C 2-4 for all backbone and head group resonances
31p 12 7 4 4 4 4 4
a3l

P chemical shifts relative to 85% H3P04.

bsimilar results were obtained for the other TABs, Total
amphiphile concentration was 50 mM.

cLipid backbone resonances,

4Lipid head EYOUp TESONANces.
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No changes in chemical shift and line widths were detected.
Thus, conformational and motional changes within this part
of the lecithin hardly contribute to the fluidization of the
hydrophilic region. However, one type of motion has not been
discussed yet, 7.e. motion of the CHz-ﬁ vector around the
CHZ—CH2 head group linkage (see Figure 3.2)}. This motion

iz monitored by the resolution of the multiplicity of the
carbon resonances of the —ﬁMe3 group?”., As the carbon atoms
involved are linked to nitregen as well uas to hydrogen, two
interactions can contribute to the observed line shape, vis.
quadrupclar and dipolar interactions.

This type of motion increases when the head group
packing becomes looser (Z.e., a larger surface area per lipid
head group). It results in smaller quadrupolar and dipolar
interactions, leading to the appearance of the multiplicity
of the 13C resonances of‘the lecithin —ﬁMe3 group. In the
Chapters IV and V a more detailed description of the
backgrounds of this type of motion will be presented,

III.4.5 Hydrophilic regiocn: discussion

Low aggregational densities, such as for monomeric TABs,
result in triplet structures for the —lﬁMe3 Tesonances., On the
contrary, high aggregational densities, as for micellar TABs,
result in unresolved multiplicities for the —ﬁMea resonances®?,
It will now be demonstrated that differences in intermelecular
head group distances as large as those occurring between
aggregated and non-aggregated states are not strictly
necessary to obtain enhanced CHz—ﬁ site mobilities. In fact
lateral expansion (Z.s., a small decrease of the aggregational
density) may be sufficient.
' The intermolecular head group distances of mixed micelles
of DOPC and C,;TAB were monitored by means of the
multiplicities of the lecithin —NME3 carbon resonances as a
function of the TAB concentration (Figure 3.3). Intercalation
of only 2% detergent at 323K already causes sufficient
inter-head-group space and thus better defined splittings.
At lower temperature (318K) no increase in mobility can be
observed at this point (2% detergent). In this case, the
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Figure 3.3 Lineg shapes of the lecithin ~ﬁMeS resonanees of
DOPC observed by meang of a decoupling power of I Watt,
Mixed-micelle raties are indiceted.

splitting only becomes visible at higher cencentrations of
TAB and it remains approximately the same over the entire
concentration range investigated up to and including the

1:4 (m/m) lipid TAB mixing ratio. As a result, these
experiments indicate, that only a slight increase in
intermolecular lipid head group distance causes an increased
surface area per lipid molecule and consequently considerable
motional freedom for the CHz-ﬁ vector,

ITI.§ Summary/Conclusions

3¢ NMR measurements of DOPC micelles detect an almost
complete visibility of the intrinsic magnetic nonequivalency
of the twe 1lipid acyl chains. The chemical shift data are
interpreted in terms of effectively different lemgths of
the sn—1 and en-2 acyl chains due to a bending near the
C-2Z carbon atom of the sn-2 chain. Mixed micellar systems
of DOPC and several TABs show a difference in effective
chain lengths of the constituent types of amphiphiles.
3¢ NMR shieldings are cbserved for the TAB fragments which
are longer than both acyl chains of the lipids. At an
effective chain length difference of szeven carbon atoms a
sizeable contribution of extrg gauche conformers, with respect
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to their single micelles, occur for these TABs. At smaller
differences a dJecrease of van dery Weals interactions ({f.e.,
decreasing molecular packing) participates almost exclusively
leading to chain separation. The deshieldings observed for
the TAB segments situated directly between neighbouring
lecithin chains indicate conformational changes towards
more extended forms, as compared with their single micellar
solutions, rather than an <mcrease of van der Waalese
interactions. The DOPC molecules do not undergn measurable
conformational changes upon mixed-micelle formatien but are
only subject to increased molecular packing. This may
indicate that lipid cenformational changes are of minor
importance for solubilizing micelle bound hydrocarbon-like
compounds.,

Regarding the fluidity of the head group region,
incorporation of TABs increases the surface area per lipid
head group and consequently increases the mobility of the
Cszﬁ site around the lipid CH,-CH, head proup linkage.

IIT.¢ Experimental

The n-alkyl TAEs were prepared by the reaction of
trimethylamine with the n-alkyl bromides in alceholic
solution according to literature data'!. DOPC was purchased
from Supelco, Inc. A 1ipid stock solution was prepared by
removal of the organic storage solvent under a stream of
nitrogen and by dissolving in CHCl;. This stock sclution
was stored at -20°C. Mixed-micelle solutions were obtained
by adding the appropriate amounts of deionized water to the
solid TABs and dried samples of the lipid stock solutions.
The resultant solutions were sonicated for 1 min. at 25°C.

All 13C NMR spectra were run at (62,93 MHz on a Bruker
WM 250 spectrometer under proton noise decoupling at 45°C,
unless otherwise indicated. The deuterium signal from CSDS
was employed as an external lock signal. All chemical shifts
are related to Me4Si (C6D6 at 128 ppm downfield from Me45i).
2000-9000 transients were accumulated of spectral width
2 KHz in 32K data peints limiting the resolution to 0.005
ppm. The pulse width was set to a 90° £lip angle.

56



References and notes

12.

. C. Baron and T.E. Thompson, Biochim. Biophys. Acta,

1975, 342,276.
B. de Kruijff, A.J. Verkley, C.J.A. van Echteld, W.J.
Gerritsen, C. Mambers; P.C. Noordam and J. de Gier,
Biochim. Biophys. Acta, 1979, 555,200.

. M. Barbe and DI. Patterson, J. Phys. Chem., 1978, 8%,40;

P. Lemaire and P. Bothorel, Macromolecules, 1980, 13,

311 and references therein.

M.F. Roberts, A.A. Bothner-By and E.A. Dennis,
Biochemistry, 1978, 17,935,

R.A. Burns and M.F. Roberts, Biochemistry, 1980, 1§,3100,
J. Seelig, Biochem. Soc. Trans., 1978, §,40 and references
therein;

J. Seelig and A. Seelig, Biochim. Biophys. Acta, 1975,
406,1;

G. Bildt and J. Seelig, Biochemistry, 1980, 1§,6170.

The following abbreviations have been used: C/TAE,
n-octyltrimethylammonium bromide; C12TAB, n-dodecyl~-
trimethylammonium bromide; C14TAB, n-tetradecyl-
trimethylammonium bromide; C16TAB, n~hexadecyl-
trimethylammonium bromide; C1$TAB, n=octadecyltrimethyl-
ammonium bromide; DOPC, diectanoyl-L-a-lecithin.

K.M.W. Kecugh and P.J. Davis, Biochemistry, 1979, 18,1453,
J. Stimpel, A. Niksch and H. Eibl, Biachemistry, 1981,
20,662,

R.J.E.M, de Weerd, J.W. de Haan , L.J.M. van de Ven,

M. Achten and H.M. Buck, J. Phys. Chenm., 1982, 86,253
{see also Chapter II of this thesis}.

A.B. Scott and H.V. Tartar, J. Amer. Chem. Soc., 1943,
85,692,

a) E. Williams, B. Sears, A. Allerhand and E.H. Cordes,
J. Amer. Chem. Soc., 1973, 85,4871;

b) D. Canet, J., Brondeau, H., Nery and J.P. Marchal,

Chem Phys. Lett., 1980, 72,184;

¢) H. Wennerstrdm, B. Lindman, 0. S8derman, T. Drakenberg
and J.B. Rosenholm, J, Ameyx, Chem, So0g., 1879, I01,6860;

&7




13.

15.

16.

17.

18.

19.

Z0.

Z].

22,

23,

58

d) M. van Bockstaele, J. Gelan, H. Martens, J. Put, F.

de Schrijver and J.C. Dederen, Chem Phys., Lett., 1980,
70,605;

e) R.M. Levy, M. Karplus and P.G. Wolynes, J. Amer, Chem,
Soc., 1981, 143,5998 and references therein.

C. Tanford, "The Hydrophobic Effect, Formation of Micelles
and Biological Membranes, Wiley & Sons, New Yeork, T1980.
R.J.M. Tausk, J. Karmiggelt, C. Oudshocern and J.Th.G.
Overbeek, Riophys. Chem., 1974, 1,175;

R.J.M. Tausk, J. van Esch, J. Karmiggelt, G. Voordouw

and J.Th.G. Overbeek, Biophys. Chem., 1974, 1,184,

R.J.M. Tausk, C., Oudshoorn and J.Th.G. Qverbeek, Biophys.
Chem., 1974, 2,53.

B. Persson, T. Drakenberg and B. Lindman, J. Phys. Chem.,
1976, 60,2124,

N.Q. Petersen and $.I. Chan, Biochemistry, 1977, 16,2657,
J.W. de Haan, L.J.M. van de Ven, A.R.N. Wilson, A.E. van
den Hout-Lodder, C. Altona and D.H. Faber, Org. Magn. Res.,
1976, &,477.

J.W. de Haan, L.J.M. van de Ven and A. Bufinski, J. Phys,
Chem., 1982, &#6,2517.

W.L. Earland and D.L. Vanderhart, Macromolecules, 1979,
18,762;

C.A. Fyfe, J.R. Lyecrla, W. Volksen and C.$., Yannoni,
Macromolecules, 1979, 15,757,

D. Cans, B. Tiffon and J.E. Duboils, Tetrahedron Lett.,
1976, 24,2075,

B. Tiffen and J.P. Doucet, Can.J. Chem., 1976, 44,2045;
A.R.N. Wilsen, L.J.M. van de Ven and J.W, de Haan, Org.
Magn. Res., 1974, §,007%.

H.N. Cheng and F.A. Bovey, Org. Magn. Res., 1978, 11,457;
G. Mann, E. Kleinpeter and H. Werner, Org. Magn. Res.,
1978, 11,561;

H.J. Schneider and W, Freitag, J. Amer. Chem. Soc.,1976,
28,478,

J.B. Rosenholm, T. Drakenberg and B. Lindman, J. Coll.
Interface Sci., 1978, £3,538.

P. Mukerjee and K.J. Mysels, Natl. Stand. Ref. Data Ser.,



24.
25,

26.
27.
28,
29,

30,

3.
3Z.

33.

Natl. Bur. Stand., 1971, 34.

Chapter IV of this thesis.

R.A. Burns, M.F. Roberts, R, Dluhy and R. Mendelsohn,

J. Amer. Chem. Soc., 1982, 104,430.

H.Hauser, W. Guyer, I. Pasher, P. Skrabal and 5. Sundell,
Biochemistry, 1980, 1§,366.

H. Akutsu, Biochemistry, 1980, 20,7339.

P.L. Yeagle, Acc. Chem. Res., 1978, 11,321,

M.F. Brown and J. Seelig, Biochemistry, 1978, 17,381.
R.A. Burns and M.F. Roberts, J. Biel. Chem,, 1981, 25§,
2716.

R.A. Burns and M.F. Roberts, Biochemistry, 1981, 20,7102.
A. Pléckthun and E.A. Dennis, J. Phys. Chem., 1981, 8§,
678 and references therein.

E. Williams, B. Sears, A, Allerhand and E.H. Cordes,

J. Amer. Chem. Soc., 1973, 85,4871,

R. Murari and W.J. Baumann, J. Amer. Chem. Soc., 1987,
103,1238;

The Appendix of chapter IV of this thesis.

59




CHAPTER IV

Effects of lytic compounds on the flaidity
of lecithin sonicated bilayers

A measure of lipid resistance against

disruption of the bilayer orientation

Iv.1 Intreduction

It has been recognized that single stranded n-alkyl
amphiphiles within a biclogical membrane have severe
implications for the stability of the cell-interface
membrane. An increase in content of these surfactants forms
conditions for cell-fusion and an excess of exogenously added
surfactant causes lysis!~*,

Untii now, no definite descriptions regarding interactions
between lytic compounds and lipids during lysis of the
bilayer membrane have been presented. In order to further
investigate the aspects of lysis, n-alkyl TABs incorporated
in sonicated bilayers of dimyristoyl-L-a-phosphatidylcholine
(DMPC) and dipalmitoyl-L-a=-phosphatidylcholine {DPP(C) have
been studied in connection with recently published data
concerning the fluidity (<.e. packing, mobility and
conformational phenomena) of phosphatidylcholines and r-alkyl
amphiphiles in different aggregational states®’®. It will be
shown that at concentrations of single stranded amphiphiles
where no lysis occurs (7.e. in the bilayer state), these
single stranded compounds are 'squeezed" between the lipid
molecules. This is due to increased aggregational densities.
It results in motional restrictions within both the head
group region and the alkyl chain region of the Iytic
compounds without affecting the lecithin mobilities. Because
additives with large intermal volumes, such as cholestercl,
{see¢ subsequent Chapter) are also reduced in their mobilities,
an analogous picture may be obtained for integral proteins,
with even larger internal volumes. It has been stated that
in these cases proteins adapt the active channel conformation
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only at small surface areas per molecule, Z.e. a large

7+8  From the description given in this

agegregational density
Chapter, it can be made plausible that the surrounding lipids
induce the desired protein packing.

Lysis of rhe bilayer occurs when the concentraticn of
the TAB is raised to ca. one equiv. At this point the
aggregational density decreases and consequently TAB
mobilities increase and TAB chain extension decreases. Also
the acyl chain mobilities and acyl chain kinking of the lipids
increase. The toxic properties of germicidal n-alkyl TABs
against bacteriological organisms may be explained in rerms
of lysis of this particular biomembrane system when such
germicides are incorporated!.

IV.2 Results and discussion

IV.2.1 Head groups

Ganeral remarkg, In view of the following discussion,

a few aspects regarding the dynamic behaviour of the CHz-ﬁ
linkage of the head groups of the lipids and the TABs are
discussed in more detail, as are the consequences for the
spectral appearances in P3¢ NMR.

Quadrupolar relaxation of nitrogen-374 influences the
line shapes of the resomances of the carbons directly bonded
to nitrogen'?, Moreover, dipolar 15c.1y interactions modulate
the resonances of hydrogen substituted carbons. In the case
of examination of the -ﬁMe3 moiety of lecithins and TABs, a
combination of these phenomena is expected. Consider the case
where one aspect is eliminated, e.g. dipolar broadening is
sufficiently suppressed®!, Triplet structures, due to scalar
coupling to 14N (spin 1), are produced for the carbon
resonances when quadrupeolar relaxation is slow (Z,e. 14N
quadrupclar retaxation times exceed 0.086 sec®). When
quadrupelar relaxation becomes faster (.. Ty quadrupolar
relaxation times shorter than 0.086 sec®), a collapse of the
triplet structure is expected. In the extreme case, a narrow
'' showed that
simple methyl rotatien or internal motien about the Cﬂz—ﬁ

singlet remains'?, Recently, London et al.
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bond will rnot influence the quadrupolar relaxation, because
of the molecular symmetry around the nitrogen nucleus.
Therefore, slow and fast gquadrupolar relagation will be
correlated with regpectively fast and slow mobilities about
the CH,—CH, head group bond, affecting the oriemtation of
the CH,- linkage.

On the other hand, 'og-'
be considered. From a steric point of view, dipolar

H dipelar interactions have to

interactions within the cationic site of trimethylammonium
amphiphiles will be averaged (and thus their effects will

be decreased) most effectively by motions which take the

—ﬂMe3 group over the largest number of peossible directions

in space, namely motions around the CH2~CH2 head group+bond.
Local motions such as internal retation about the CH,-N bond
and methyl rotation are thus of minor importance, apart from
the fact that these retations usually are too fast to be
influenced by the environment of the head groups. The rate

of motion of the -fMe, site around the CH,-CH, bond is

limited by a large aggregational density. Motions around

this CHZ-CH2 bond are decreased when the aggregational density
is increased (¢,e. the "squeezing" of the head groups).

This can be envisaged by a study of lipids and lytic compounds
in different states (monomers and aggregates). Unfortunately,
it is impossible to observe OMPC and DPPC —ﬁMe3
in the moenomeric phase by 1:”C NMR without labelling (very
low CMC-values!?*1*), sStill, in order to shed light on the
influence of packing on —ﬁMe3 line shapes, the -ﬁMe3

line shapes

resonances of the lytic TABS in non-aggregated and aggregated
states were monitored (for a description see Section IV.S5).
It was shown that increased packing densities lead to a
collapse of the triplets. Similar spectra are obtained for
pure lecithin aggregates (Figure 4,71). Analogously te the
lytic TABs, DMPC veslcles produce a broadened resonance at
¢.g. 1 Watt decoupling power. Thus one is tempted to comclude
that head group mobilities are slow. However, when sufficient
decoupling power (ca. 8 Watts) is applied, triplets are
observed. 1t implies that the mobilities of the nitrogen
moiety around the CHE—CH2 bond are much faster than one would
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DHEC;

expect from the experiments at low level decoupling power
alone.
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Filgure 4.1 —ﬁM@S line shapes of DMFC and DPPFC gonicated
bilayers (60 mM in water) at 323X and variable magnitudes
of proten noise decoupling im 62,9 MHz 13C NMR spectra
(DP = decoupling power).

Ineprporation of lytie compounds and lysis of the
bilayer. At mixing ratios where the bilayer orientation is
not (yet) subject to lysis (Z.a. the 4:1 up te the 1:1 mixing
ratio), a triplet structure for the lipid is maintained,
indicating relatively large head group mobilities (Figure
4.2a-¢). This is also the case for mixing ratios where mixed
micelles are formed (4.e. the 1:2 and 1:4 mixing ratio),
However, for the head group mobility of the penetrating
TABR molecules some remarkable changes are perceptible. In
the DMPC/CsTAE dispersions the solubilized n-octyl TAB
molecules are in very rapid exchange with their extravesicular
monomers, because the effective congentration is far beneath
the CMC-value'?. Thus, an average state is monitored with
relatively large intermolecular separations and so a triplet
structure for the -NMe; site of the C,TAB appears. The C,,TAB
reveals g different behaviour, Up to the 1:1 lipid/detergent
mixing ratio a broad resonance is detected, due to enhanced
dipolar intevractions. Fast quadrupolar relaxation does not
contribute to the -KlMe3 line shape, This was confirmed by
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the observation of hﬁMes triplets at elevated noise decoupling
{7.e. 13 Watts) at various temperatures (303K-323K)}'%, An
enhanced mobility for the TAB head group is achieved at lower
mixing ratios, This is deduced from the appearance of triplets
for the TAB. It substantiates literature data®’* that bilayer
ordering is maintained up to the mixing ratios avound 1:1,

and lysis of the bilayer towards micelle ordering - and
concomitant smalleT aggregational densities - is established
at lower ratios. Thus, in the pilayer gtate, the surrounding
teecithin molecules foree tnoorporated lytic eompounds to
reduced head group mobilities with respect to the pure lytic
miteelles (see Section IV,5), without decreasing notably the
time seale of motion of the ilipid Cﬁg—ﬁ site with respect to
the pure lipid vegzele. This packing situation may be envisaged
by the difference in relative orientations of the two types

of head groups (Figure 4.3). The lipid head groups are located
almost perpendicular to the bilayer normal, while on the
average the head groups of the lytic constituents are situated
along this bilayer normal and are squeczed between neighbouring
lipid molecules. In the Section IV.Z.Z it will be shown that
this squeezing=-picture ls consistent with the observations
made for the hydrophebic region of the TABs.

For the C,,TAB mixed dispersions (Figure 4.2c) a similar
change in the¢ dynamic behaviour of the CHZ—N site is observed
during the transition mixed bilayer into mixed micelle?,
However, lysis of the bilayer does not provide resolved
methyl resonances.

[

[)M("C.'/'IZ'QTAS (2:1)

.

CsTAB

Figure 4.2a —I’M@g line shapes for mized dispersions of CgTAR
[t
and DMPC at 323K and DP = 8 Watta., Similar patterns were

ohserved for ether mizing ratics,
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Figure 4.2k —ﬁMes line shapes for mized dispersions of
Gy TAB and DMPC at 383K and DP = 8 Hatts, Lipid/detergent
miming ratios are indicated. Jpa_y couplings wera, when
visihble, 3,0 - 3.6 Ha.

18 Hx

Figure 4.2¢ -ﬁMe3 line shapes for mized dispersions of
C;4TAB and DMPC at 323K and PP = § Watts, Lipid/detergent
miming ratics are tndicated, JC—N couplings were, when
vigible, 3.0 — 3.6 Hs.
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i ‘
Figure 4,3 Relative average crientations of the lecithin

and the TAB in their miwed disperatons., The hydrophobic

thterior is indicated by tubas.

The increase in line width at high mixing ratios has to be
ascribed to enhanced dipolar interactions, similar to the
Cy,TAE mixed bilayers. Fast quadrupolar relaxation could

not be excluded, however, because at elevated moise decoupling
(f.e. ca. 13 Watts) a "singlet" structure was still detected!?®
{due to thermal degeneration of the constituents of the
aggregates, it was impossible to apply proton neise decoupling
exceeding 13 Watts). Yet a difference gxists between the
single and the 1:4 mixed micellar solution of this TAB
detergent (compare the data of Figure 4.7 with Figure 4.2c),
Obviously, the presence of only small amounts of lecithin
molecules already decreases the head group mobility of this
particular TAB. Similar patterns were obtained when
intercalating these lytic compounds in vesicle structures of
RPPC.

IV.2.2 Hydrophobic taile

The 'C NMR spectra of the pure vesicles of DMPC and DPPC
- which will serve as reference samples for the mixed lipid
systems - are presented in Figure 4.,4. As indicated, the line
widths are very much smaller than previously reported!®,
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Figure 4,4 12

¢ NMR spectra of the aeyl chain region of DMPC
and DPPC soniecated bilayers at IE3K and DF = 8 Watts., Line
widths and chemical shifts are indicated. Dilution of the
samples from §0 mM to 20 mM did not affect the line widthe

or ghemical shifts.

The latter line widths were at least three times larger
than those presented in Figure 4.4. It became clear that
the main part of this line narrowing was a consequence of
eliminated dipolar coupling. This was indicated by spectra
recorded at lower levels of proton noise decoupling. A
comparison of the spectra of sonicated bilayers of DMPC and
DPPC shows no significant differences: line widths and
chemical shifts are nearly identical. From this point of
view, in combination with the results of the head groups
(Figure 4.1), it is stated that on the 13C NMR time scale
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the vesicular dispersions of DMPC and DPPC are motionally
and conformationally equivalent. This stands in contrast to
earlier reports based on vibrational spectroscoepy'’.

Recently, a description of the phenomena invelving
fluidization of the hydrophobic core of mixed micellar systems
of lipids and lytic TABs has been offered®. It was shown that
those hydrophobic parts of the TAB located between the lipid
molecules altered their conformational equilibria towards
more extension, and were subject to increased chain packing.
The lipid molecules, however, were not shown to change their
conformations upon solubilization of these TABs. Furthermore,
it was discussed that the hydrophobic part of the the TAB
protruding from the lipid hydrophobic region was subject to
conformational changes towards more kinking and/or decreased
packing with respect to its single micelleg. In similar terms,
the lysis of the (curved) bilayer upon incorporation of
TABs is now discussed., '°C NMR line widths and chemical shifts
were investigated. Incorporation of C,,TAB in DMPC sonicated
bilayers rtesulted in undetectable signals for the tail of the
single stranded amphiphile from the 4:1 to the 3:2 1lipid/
detergent mixing ratio. Also, n¢ line width and chemical shift
changes ocecurred for the lecithin chains within this
concentration interval. The latter indicates that no significant
changes occur within the bilayer ordering and dynamics. The
undetectability of the TABR resonances must be due to
immobilizaticen and subsequent dipolar broadening. Up to now,
only the 15¢_resonances of intercalated substrates with a
large internal volume such as cholesterol'® and proteins!®
were shown to broaden extremely. It is now demonstrated that
relatively small lytics act in a similar way. (It is suggested
that free axial rotation of the entire tail of the TAB is
limited. Thus, TAB mobilities are diminighed by the lipid, withot
affecting partial rotation or kink diffusion in the lecithins
about their long axis. Model studies show that in the bilayer
ordering intermclecular distances between the hydrophobic
14TAB and DMPC are on the average smaller than
beétween the lipid sn-1 and sn=-2 chain, resulting in smaller

chains of C

mobilities of the TAB chains and concomitant intensities
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15c MR Tesonances with respect to those

of the corresponding
of the lipid molecules in the bilayer). Obvicusly, whan the
membrane aontaing enly small guantities of TABsz, thesge TAE
molecules are pregsed between neighbouring Lipid molecules,

the oonsequence being that head grouwp (see Section 1V.Z.1)

@s well as tail mobilitiss of the TABs are veduced. At higher
quantities of the C14TAB (Z.e. at mixing ratiocs lower than
3:2), the resonances of the Cy4TAB become visible, because

the bilayer undergoes lysis and mixed micelles, with lower
aggregational densities and concomitant enhanced mobilities

are formed® **!?, In addition, the decrease of the DMPC acy)
chain line widths is another indication for this disruption

of the bilayer:; line widths are typically 2 - 3 Hz for mixed
micelles (Figure 4.6). Then one is able to notice (Figure 4.5a)
that the C,,TAB shows deshieldings compared with its single
micelle solution.
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Figure 4.5 Deshieldings (ppm) of Cy,748 and C,9TAB upon
tnaorporation in DMPC gontcated dispersions at 325K and
DP = 8 Watts (a). Deghieldings {ppm) of ¢, oTAB upon
ineorporation in DPPC gsonicated dispevaions at 323K and
DF = 8 Watts (b). Molar lipid/detergent miring ratios are
indicated. Total amphiphile concentration equals §0 mM
{see the experimental Seetion IV, g).
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The pattern of deshieldings indicates that the 1ipid meolecules
force the Gy TAR towards more extension upon incorporation,
analogously to the detailed description regarding mixed
aggregates of short-chain lecithins and several TABs®. Alsc
the lipid re¢sonances change position when lysis of the

bilayer takes place. The observed shieldings for the C-12/C-14
lipid fragment {see Table IV.1) suggest that increased chain
folding and/or decreased chain packing® are the result of the
bilayer disruption. Moreover, the line widths of the e NmMR
resonances of the acyl tails'(Figure 4.6} decrease.
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Figure 4.6 Line wtdthe (Hz) of the acyl region of DMFC va. -
the concantration of tncorporated O, TAB at $43K and

DP = 8 Watte (the deereaze in line width ig neot due to g
deareagss of the magnetie non=gquivalence between similar
carbons of the sn-1 and sn-2 acyl ehaina. The magnetic
non-g¢quivalence remains ca. 0.1 ppm for the micellar as

well aa for the bilayer statel.

Compared with the DMPC/C14TAB mixed bilayers, an enhanced
detectability for the single stranded TAB occurs in the
DMPC/C12TAB and especially in the DMPC/CSTAB mixed bilayer
systems. This is a result of the relatively enhanced
exchangeability between intravesicular aggregated and
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Pable IV.1 Chemieal shift changes of the acyl region of
DMPC and DPPC upom Miming with Cq TAB in different ratics
at 323K and DF = 8 Wgtte., Regolved rgmonances, ohtaingd

by means of resoclution enhancement, are menittonsd separately

DMPC mixing ratios: ‘ DPPC mixing ratios:
atom® 2:1  3:2  1:1  1:2  1:4 [atem® 2:1  1:1  1:4
o +0.00 +0,06 +0.10 +0,13 +0.15 | o +0,07 +0.08 +0.14

+0.04 +0.08 +0.08 +0,01 +0.08
=0.05 -¢,00 -0.01 -0.07 -0.04 -0.03 -0.08
-0.,00 -0.01 -0.071 -0.04 =0.03 -0.08

=2 ~0.00 =0.05 -0.9
T -0,06 =0.06 -0.17
-0.00 =0.10 -0.75

-0.07 -0.05 =0.06 -0.07 -0.13
=0.07 -0.03 -0.10 -0.11 -0,16
=0.14 -0.20

E E E =™ m R

]

B

w=2 -0.06 -0.02 =-0.05 -0.07 =0.15
w=1

w

w

“The resolved resonances correspond to the gwn-1 and the an-2
chains of the DMPC.

extravesicular monomeric CyTAB and CTZTAB compared with the
C14TAB. As a consequence, chemical shift changes of the
former surfactants are less pronounced than for the C14TAB,
but point out a comparable behaviour (a2 typical example is
given in Figure 4.5a). Mixed bilayer systems of DPPC and TARs
revealed quite the same pattern: for example, CizTAB is
forced by the surrounding lecithin molecules towards more
extended forms as compared with its single micelle

(Figure 4.5b), as can be observed from the deshielding pattern.
When disrupting the bilayer structure, also the lipid
molecules are subject to increased kinking and/or decreased
chain packing (Table IV.1), analogous to the DMPC mixed
systems.

IV.8 Summary/conclugions

Intercalation of low percentages (<50% m/m) of several
#n—alkyl TABs in lecithin vesicles preserves the 1ipid bilayer
orientation, In these mixed vesicles, the TAB melecules are
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forced towards regtricted motione of the —ﬁMe3 zite and the
alkyl chains due to an increased density for the TABs.
Moreover, the TABs are compelled towards more chain extension
as compared to their single micelles. However, neither a
decrease of the lecithin —ItiMe3 site mobility around the
CH,-CH, head group linkage, nor a decrease in acyl chain
mobility, nor a change in acyl chain kinking is detected.
In other words, the lecithin bilayer reacts upon disruption
by squeezing "intruding" compounds towards less mobility.

The disruption of the bilayer is achieved when the
TAR concentration ts raised to ca. one equiv.: lysis of the
bilayer occurs and mixed micelles are formed. It results in
a decrease of the aggregational density. Consequently, the
TAB mobilities increase and their chain extension decreases.
At this point, also an increase of the lecithin acyl chain
mobility and acyl chain kinking are detected. Thus, the
driving force for lysis of the bilayer has to be ascribed
solely to the potency of the TABs to form micellar structures.

IV.4 Fzperimental

The n-alkyl TABs were prepared by the reaction of
trimethylamine and the n-alkyl bromides in aleeoholic solution
according to literature data®, DMPC and DPPC were purchased
from Supelco, Inc. and Sigma. To obtain mixed micelle and/or
bilayer solutions of DMPC and DPPC, dry samples of the lecithin
and the TABs were added to the appropriate amount of deionized
water. Solutions were sonicated in NMR-tubes within a Bransom
Model 50-D ultrasonic water bath between 0°C and 20°C,
Typically, solutions were clear after a period of ten miutes.
During this interval no thermal degeneration or hydrolysis
occurred, as monitored by thin layer chromatography with
CHCls: MeOH: HZO = §5: 25: 4 (w/w) as eluens. Multibilayer
suspensions of DMPC and DPPC were prepared by adding the
appropriate amounts of deionized water to dry lecithin and
vortexing vigourcusly above the mailn phase transition
temperature. Pure DOMPC and DPPC vesicles were prepared by
means ¢of sonication in the above mentioned water bath between
0°C and 20°C; operatiom time : typically ome hour., Solutions
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were blueish transparant and no hydrolysis or thermal
degeneration occurred according to thin layer chromatography.
Laser beat spectroscopy showed that these samples were not
monodispers: particle sizes varied between 250 £ and 1000 R.
The distribution function showed a large fraction of small
particles (around 250 RJ and a small fraction of large
particles (exceeding 1000 X). The toral amphiphile
concentration was 50 mM for all pure and mixed lipid sanmples.
All 13C NMR spectra were run at 62.93 MHz on a Bruker
WM 250 spectrometer under proton neise decoupling at 323k,
unless indicated cotherwise. The deuterium signal from Celg
was employed as an external lock signal, All chemical shifts
are related to Me,5i (CgDg at 128 ppm downfield from Me,Si).
10,000-100,000 transients were accumulated in 4K data points
zerofilled to 32K points before Fourier Transformation.
Spectral width was 2 KHz, No relaxation delay was employed.
Pulse width was set to a 90° flip angle, The decoupling circuit
was carefully tuned prior to the various experiments in order
to operate at levels exceeding 2 Watts.

IV. & Appendixz

To demonstrate the influence of molecular packing on the
line shape of —ﬁMc3 resonances, several TABs were studied
in the monomeric and micellar state. The results are also
useful for the study of the line shapes of lecithin -ﬁMe3
resonances. It should, however, be stressed that, whersas

in lecithin vesicies the CH,-¥ vector will be approximately

parallel to the bilayer plaﬁe, corresponding vectors in the
TABs will be perpendicular to the agpregate surface (Figure
4.3),

The n-octyl TAB is not capable of forming aggregates
at the concentration investigated'?, and shews well resclved
triplets for the -fiMe; moiety (Figure 4.7). The large C,gTAB
micelles show "singlet" structures under these conditions.
It is consistent with the picture of a highly meobile CHZ—ﬁ
vector when the aggregational density is low, as for monomeric
C8TAB; at high aggregational densities a "singlet' resonance

is observed, as for micellar €, _TAB. Thus, when the molecular

18
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Figure 4.7 —ﬁMeg line shupes of several TABs at different
temperatures and decoupling power.

packing increases, head group mobilities around the CH,-CH,
bond decrease. However, for the TABs possessing intermediate
chain lengths, interesting developments occur. For these
detergents, the appearance of triplet structures is strongly
related to the applied decoupling power and operating
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temperature. AT 323K and & Watts decoupling one can clearly
recognize a pattern of head group mobility around the CHE-CH2
head group bond. Two reasons may be offered to explain this
pattern in terms of aggregational densities. First, the CMC
is lowered from CSTAB to C;zTAB. Consequently, monomeric
concentrations are decreased to almost zero in this series,
due to a shift of the equilibrium monomer = aggregate to the
right. On the NMR time scale essentially ¢i<{s shift is
monitored, and it is expressed in the increased contributions
of molecular aggregation to the -ﬂMe3 line shapes from CoTAB
to C,,TAB. Secondly, from geometrical considerations’, also
8TAB up to CyTAE lead to the
observed change in mobility due to stromger head group
interactions (larger radii of curvature) and consequently

larger aggregational densities.

increasing aggregate sizes from C
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CHAPTER V

KEffects of cholesterol on the fluidity

of lecithin sonicated bilayers

V.1 introduction

Various analytical methods have been applied to shed
light on the complex behaviour of cholesterol solubilized
in a membrane. These studies showed for instance that
cholesterol broadens, lowers or disrupts the phospholipid
phase transitions; alters membrane permeability; influences
phospholipid chain conformations and/or chain packing;
condenses the bilayer fluidity at temperatures above the
main phase transition and ligquefies the bilayer at
temperatures below the main phase transition'~!%. In this
Chapter it will be described that, upon rigidification of
the bilayer by the selubilization of cholesterol, one type
of motion which has not been discussed earlier is affected,
namely the motion of the phospholipid CHZ—ﬁ head group site
around the CH,-CH, head group bond.

V.8 Results and discussicon

Membrane fluidity is strongly related to inter- and
intramolecular mobilities, conformational changes and
alterations in packing of the phospholipids and membrane
bound substrates, the constituents of the bilayer!®. Several
details regarding the dynamic behaviour of the CHZ—ﬁ site
of the phospholipid head group have been offered in the
preceding Chapter. Also, for the 1lipid acyl chain region
data have been presented to differentiate between
conformational changes and chain packing!'®. Contrary to
lytic TABs!7, cholesterol broadens the resonances of the
#Me. site of DMFC sonicated bilayers (Figure 5.1) and,

3
besides observed deshieldings (Figure 5.2), also increases
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the phospholipid acyl chain line widths (Figure 5.3).
Hydrophylie regton. The conformation of the lecithin
polar head group is similar in the monomeric, micellar and
bilayer state and is independent of the fatty acyl chain
length? 2", Bulky metabolic regulating additives such as
cholesterol are unable to change the polar head group
3¢ NMR studies
indicate that the presence of cholesterol in phospholipid

conformation?*1* 1 8r30—26  Eyrthermore,

bilayers has little or no influence on the internal metion
of the choline methyls'**'®, nor does it effect the motien
of the phosphate segment!*. In other words, the factor
governing our results will be a change of intermolecular
head group distances of the lecithins (Figure 5.13.

UMPE/GIRL (411) dgak
DMPC 323K DMIC/GHOL (121 ;zsx

BMFC/ENAL {D:1) 3TFR DHRCSCARL (2, 300) 323K

Figuve §.1 Cholesterel induced changes of the line shape of
the —ﬁMeg resonances of DMPC sonicated bilayers at 323K and
0P = 8 Watts.

A change towards larger head group distances - and from our
point of view subsequent enkanced mobilities for the CHZ-ﬁ
site =~ is frequently referred to!®*!*, This change is ascribed
to the so-called "spacer"-effect cholesterol is supposed to
induce for the head group region of the lecithin bilayer.
However, from Figure 5.1 it is now clear that the Cﬂz-ﬁ vector
mobility of the lecithin around the CHZ-CH2 head group axis
actually desreases upon addition of the sterol.

Bydrophobie region, The resonances of chelesterol could
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not be observed due to significant broadening. In agreement
with recently published data®*18'27 ywe attribuze this
broadening to strong dipolar interactioms. The observed line
broadening of the resolved carbeon resonances of the lecithin
acyl region of DMPC (Figure 5.3) is certainly - although
partially =~ caused by strong dipolar interactions toe (lower
decoupling power enlarged the line widths of these carbon
resonances). However, non-motional aspects such as chemical
shift non-equivalences between the lecithin srn=1 and sn-2
chains and/or between the inside and outside monclayered
lecithins may be altered. The residual part of the line

broadening may depend on several motional restrictions!®r2873°9,

I — wo CHy

-1 £Hy

(£

a0 } Vs w2 GHg

20 " RHr

mole % mteral

Figure §.2 C(holesterol induced deshieldings of the lgcithin
weyl chain regton in DMPC sonicated bilayers ab 333K and
pP = 8 Watts, versug Lhe stercl concentration.
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The main facter which has to be taken into account is the
intramolecular process of chain regrientation. For the

very reason that its correlation time is typically 1077 -

- 10H10 sec for small, non-sterol containing vesicles and
1077 sec for large or sterol-rich particles®®r*' a change
in the rate of chain recorientation induces the largest line
broadening as compared to other processes'®s*4=3% Fpor the
DMPC/cholesterol mixed bilayer systems, stability was
maintained for samples containing ca. 30 mele § sterol or
less. Up to this limit, it was possible, to estimate chemical
shift differences for the lecithin acyl chain region (Figure
5.2), For the carbon resonances investigated, deshieldings
increase with the effective sterol concentration. For the
hydrophobic interior it is possible to draw a plot of these
deshieldings versus the carbon atom position (Figure 5.4).
In agreement with recently published data'®, the pattern of
Figure 5.4 reveals a tendency towards more extension and/or
increased intermolecular packing. In conmnection with the
relatively small deshieldings of the w-Me group, no large
conformational changes within the C-12/C-14 region as
compared with the pure lscithin vesicle are indicated.

ling-width tnewidth
lHﬂ? {Hz)

& rcarbon
ofcatbon

30 30

20

& w2 car bhon
w-1 carbon
w eafbon

] L] 0 an 4n 0 ¢ 18 20 EL 40 0

. maele % sterol
moie % sterel

—

Figure 8.3 Cholesterol induced line widths of the lipid
acyl region upon ineorporation tn DMPC sonicated bilayers
at 323K and DP = § Watta, versus the coneentration of the
gterol,
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g a1 ﬁw

carbon atom position
——p

Figure 5.4 PDeshielding pattern for the hydrophobic aoyl

chain end of DMPC upon golubilieation of 30 mole % cholesterol
at 323K and DP = § Watts, versaus the carbon atom positicon

of DMEZ.

Interpretatiene, From & strong increase in turbidity it
is concluded that addition of cholesterol increases the
vesicle size significantly. This is in agreement with the
observations of de Kyutfdff et ai.?'. It is well-known that
the sterols are located beyond the lecithin head group region
of the vesicle’*® and thus no direet sterol-lipid interactions
exist in the head group region. Thus the embedded sterol nuclei
push the lecithin acyl chains aside and increase the average
radius of curvature of the vesicle. The increase in particle
size leads to higher aggregational densities between the
lecithin head groups'®., However, too close an approach of the
repulsing lecithin head groups is aveided??, In order to
minimize the free enmergy of the vesicle, a compensation occurs
through an increase of the aggregational density of the
hydrophobic interier. The implications for the '°C NMR spectra
are twofold. First, higher aggregational densities within
the lecithin head group region decrease the lecithin head
group mobility (see Chapter IV). Secondly, higher aggregational
densities within the hydrophobic interier induce chain extension
and/or reduced chain mobility (see Chapter IV). Indeed,
cholesterol decreases the mobility of the lecithin —ﬁMe3
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site around the CHZ—CH2 head group beond (Figure 5.1). Due to
the increase in the hydrophobic packing the resonances of
cholesterol itself could not be observed, while also a decrease
of the lecithin acyl chain motions was induced (Figure 5.3).

Besides this rather macroscopic view, a more detailed
semi-quantitative interpretation of the data is possible, by
means of a model of Chan et gi1,?', It suggests that incorporuted
cholesterol is complexed to one lecithin molecule and this
complex in turn is associated with a second lecithin molecule
via & van der Wacls~type interaction. At low sterol
concentrations (ca. 10 mole %), the remainder of the bilayer
is built up by free lecithin and interfacial boundary lecithin.
However, controversions exist about the binding sites within
the complex®'. At ca., 20 mole % sterol, free lecithin domains
disappear, and only interfacial boundary lecithins remain
between the 2:' lecithin/cholestercl complexes??. Upon
increasing the sterol concentration, the interfacial boundary
lecithin disappears completely at 33.3 mele %, and only
lecithin/chelesterol complexes remain,

From the observations presented in this Chapter, it is
possible to add some additicnal quantitative data to the model
of Chan et al.'': low concentrations of sterol (10 mole %)
only influence the lecithin acyl region (Figure 5.3), while
the lecithin head group mobilities remain unaltered (Figure
5.1). Broadening of the head group -ﬁMe3 resonance starts
only at ca. 20 mole % of cholesterol. This indicates that
the lecithin head group mobility around the CH,-CH, head
group linkage is only reduced, when free lecithin domains
vanish. In other words, interfacial boundary lecithins are
more rigid and more tightly packed than free lecithins.
Enhancing the stercol concentration to levels where also
interfacial boudary lecithins disappear - and thus lecithin/
cholesterol complexes remain - reduces the lecithin acyl and
head group mobility even further. At this point, also stretching
and/or packing of the acyl chains is very pronounced (Figure
5.2). Recapitulating, the fluidity increases along the series:
sterol-complexed lecithin - boundary lecithin - free lecithin.
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Vid Summavy/conclusions

3C NMR spectroscopy 1s applied to moniter the fluidity
of DMPC sonicated bilayers upon incorporation of cholestsrol.
Cholesterel 1s pressed between lipid molecules, resulting in
extremely broadened resonances which indicate low sterol
mobilities, This is in lime with observations by others'®,
Also, the results are similar to theose of incorporated
lytic compounds such as several TABs!?. However, contrary
to mixed bilayers of lecithins and TABs, the surrounding
lecithins adjust to the bulk of the intercalated sterol
nucleus. Cholesterol pushes the lecithin acyl chains aside
and thus increases the average radius of curvature of the
mixed vesicle. This in turn results in a decrease of the
mobility of the —ﬁMeg site of the lecithin around the
CHZ—CH2 head group bond. Furthermore, cholesterol broadens
the '3C NMR resonances of the lecithin acyl chains due to
stronger dipolar interactions caused by retarded chain
reorientation. Also, the sterol forces the lecithin chains
towards more chain extension and/or larger chain packing.

At low sterol concentrations, it was observed that only
the hydrophobic region of the membrane is rigidified while
at higher (20 - 30 mole %) sterol contents, also the head
group region is affected and rigidification of the entire
membrane occurs, The results were interpreted semi-
quantitatively in terms of a model coencerning sterol-complexed
lecithins, boundary. lecithins and free lecithins.

V.4 Experimental

DMFC was purchased from Supelco, Inc, and Sigma.
Cholesterol was obtained in 98% purity from Supelco, Inc.
Pure DMPC vesicles were prepared as previously described!'’.
Mixed sonicated bilavers of DMPC and cholesterol were prepared
as follows, A chioroform solution of both constituents was
evaporated to dryness under a stream of avgon. Residual traces
of organic storage solvent were removed overnight at 60°C
and 0.005 mm Hg. Deionized water was added and the sample
was sonicated during one hour between 0°¢ and 15°C within
a Branson Model 50-D ultrasonic water bath in NMR-tubes.
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No degeneration or hydrolysis took place, as monitored with
thin layer chrematography with ClCly: MeOH: Hy0 = 65: 25: 4
{(w/w) as eluens. Cholesterol-rich samples were always more
turbid than the pure lecithin szamples, indicating larger
particle sizes. All samples maintained their stability
during the experiments. Total concentration of lecithin
and cholesterol was 50 mM for the pure and mixed samples.
The 13
WM 250 spectrometer under proton noise decoupling at 50°C.
The deuterium signal from C6D6 was employed as an external
lock signal. Chemical shifts are related to MeASi {C6D6 at
128 ppm downfield from Me,8i). 10,000 - 100,000 transients
were accumulated in 4K data points zerofilled to 32K before

C NMR spectra were run at 62.92 MHz on a Bruker

Fourier Transformation., Spectral width was 2 kHz.

No relaxation delay was employed. Pulse width was set to a
90° flip angle. The decoupling circuit was carefully tuned
prior to the experiments in order te operate at levels
exceeding 2 Watts.
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CHAPTER VI

Chiral model membranes,
A CD and ¥C NMR study

VI,1 Introduction

Recently, a mechanism for the stercospecific hydride
uptake of the redox coenzyme NAD(P)' has been proposed®’?,
It showed that this hydride uptake was mediated by the out
of plane orientation of the carboxamide group®. Experimental
evidence for this hydride transfer mechanism was offered by
the stereoselective reduction of (9R)-N-o-methylbenzyl-1-
propyl-2,4-dimethyl-3-carbamoylpyridinium cation by means of
sodium dithionite?’*, resulting in one diastercoisomeric
pair (45,9R)-(+*)-N-g=-methylbenzyl-1-propyl-2,4-dimethyl-
1,4-dihydronicotinamide and the corresponding (48,97)-(-)-
isomer, in which the c¢arboxamide group is forced out of plane
by two adjacent methyl groups as was established by X-ray
' NMR lanthanide
induced shift experiments. The outcome of the reduction is

molecular structure determinaticns and

a syn orientation of the hydrogen at C-4 and the carbamoyl
moiety. Since it was demonstrated that the cerresponding
2,4=-dimethyl-3-carbamoylpyridinium cations can also be
optically active®, the suggestion was put forward that the
absolute configuration of the carbamoylpyridinium meoiety
contrels the stereochemistry of the hydride uptake. This
behaviour is related to the well-known A or B specificity
of the coenzyme NAD(P)+ under enzymatic conditions®. These
chiral nicotinamide compounds were used as detergents via
alkylation of the pyridine nitrogen with n-dodecyl bromide
and explored as chiral model compounds for the formation of
single micelles and as model substrates in vesicles of
chiral lecithins. Since previous studies suggest chiral
discrimination for several chiral surfactants’, experiments
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were carried out to search for enantiomeric differences using
highly purified enantiomerically pure nicotinamide detergents
under various conditions with CD and '°C NMR.

VI.Z2 Synthesis of the optically active medel substrates

The synthatic steps involved in the preparation of §
are outlined in Figure 6.1. Refluxing crotonaldehyde ! and
ethyl~g-aminocreotonate £ in the presence of piperidine
according to Hantzsch® gave the dihydropyridine 8. Oxidation
by means of p-chloranil yielded ethyl-2,4~dimethyl nicotinate 4.
The 2,4-dimethylpyridinium carboxylic acid § was obtained after
hydrelysis and acidification of ¢. Deprotonation by triethyl
amine and chlorination resulted in 2,4-dimethylpyridiny]
carbochloride &, which was converted to N,¥-dimethyl-2,4-
dimethyl-3-carbameoyl pyridine 7. Alkylation with n-dodecyl
bromide afforded the racemic C,,CPB 4. The asymmetry of
compound & results from the steric interactions between both
ring methyls and the carbamoyl site, leading to an out of plane
orientation of the carbamoyl group'*®*", The separation of
both enantiemers of 8 was accomplished by complexation with
optically pure silver-a-bromocamphor-l-sulfonate monohydrate
and repeated crystallization of the diasterecisomeric mixture,
Full details are presented in the Experimental Section VI.S.

Me a

fﬁ & e O
N Me
4
110H" OH I)NEla
2]H* s0cly
HhNMe; [flj]:fL‘NM‘z n-Caghas o [:Lt]:thNMez

fie %2Hn

Figure 6.1 The preparation of the racemic detergent 8.
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VI.3 Rasults and discuseien
VI,3,1, Single micelles of UJECPB as refevence golutione for
the mized aggregates. Determimnation of the CMC by meane of
Ch spectroscopy

When varying the concentration of 1-dodecylpyridinium
iodide and the chloride, an abrupt change in the UV absorption
around 280 nm was detected?. A similar procedure was applied
te 1-dodecyinicotinamide chloride micelles'". The concentration
at which this breakpoint occurred was interpreted as the CMC
of the surfactant, since its value 15 in good agreement with
the CMC obtained by other physico-chemical procedures'!?,
The closely related compound &, however, showed no change
in the UV spectral data for the same tramsition, Non
micelle-forming compounds, such as the 1-methyl derivative §,
act similar to 8.

Me O
@IK"""
N Ma
Me
]

Characteristic differences between compounds # on the one

hand and micellar & on the other hand are observed by means

of CD (Figure 6.2a-b). The CD spectra of 8 and 9 show each two
transitions at 240 nm and 270 nm. The extinction coefficients
{ae) for compound & are constant upon dilution. This is valid
for both wave lengths (Figure 6.2Zb). The Az curve versus the
concentration of § shows a remarkable discrepancy from
Lambert-Beer aTound the CMC for the CD absorption at 240 nm
(Figure 6.2a). One 1s able to notice (Figure 6.2a and Figure
6.3a) that an increase of the aggregational density - which is
the result of an increase of the amphiphile concentration -
alters the intensity of both CD bands. The change of the

240 nn band at concentrations above the CMC may be due to an
increase of the very strong dichroic absorption at the short
wave length side. However, the absolute intensity and positien
of this strong multiple band could not be detected properly
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Figure 6.2¢ Ag plot vereus the concentration of (—)—CIECPE,

A gimilar plot, although with negative Ac values, was obtainad

for (+)—C]26'PB.
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Figure 6.3 A¢ plot versus the wave length of (=)-0,,CP8
For different concentrationg (a). Ae plot versue the wave
length of (+)-0;,CFB for different concentrations (b).

due to an overioad of the detection system. Explanatien of

the concentration effects on the absorption band at 240 nm

in terms of other aspscts, such as increasing particle sizes
and microscopic changes in solvent effects, are unlikely
because these would modulate all absorptions in a corresponding
manner'?’!?. Spectra similar to the 50 mM spectrum of Figure
6.%a and 6,3b are obtained for the 1-methyl analogue ¢ in
acetonitrile®. This may indicate that (partial) dehydration
occurs upon aggregation which results in a less polar
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environment for the carboxamide group of compound &, This
effectuates deviations from plaparity within the carboxamide
group and/or deviations of the out of plane orientation of
the carboxamide group with respect to the pyridinium moiety'*.

VI.3.2 The influence of chirval L-DMPC on the D abzorption
epectra of (-)- and (+)—0120PB

Spontaneous formation of mixed micelles occurs when
DMPC molecules are mixed with a large excess of the chiral
C;,CPB amphiphile. The CD spectrum obtained for this mixed-
micellar dispersion is identical with the single-micelle
solution of § (compare Figure 6,3a (50 mM) with Figure 6.4a

(mixing ratio 1:4), and compare Figure 6.3b (50 mM) with Figure

6.4b (mixing ratio 1:4)). Low concentrations of L-DMPC do not
influence the retational strengths of the absorptions of
(-3-8 and (+)-8 respectively. Changes in the chirality of
(-)-8 and (+)-8 respectively are seen upon a further increase
of the aggrepational density (Figure 6.4z (mixing ratio 4:1)
and Figure §.4b (mixing ratio 4:1) respectively).
Incorporation of low contents of (-)-4 and (+)-§ respectively
in L-DMPC vesiecles shows unambiguously that a strong increase
of the aggregational density induces a complete disappearance
of the abscorption band at 240 nm. However, one should keep

in mind that the A-axis in Figure 6.3 apnd 6,4 is not identical
with the experimental base line. It is indicated by the decay

of the maximal value of the 240 nm absorpticn along the series:

monomeric 8 —— micellar § —= & 1in vesicles of DMPC
(Figure 6.3) (Figure 6.3) (Figure 6,4)

Furthermore, one should consider the effect ¢f the particle
dimensions on the CD spectral data!®. The probability of
absorption is proportional to the beam intensity. Since the
interior of a particle absorbs intensively, the effect of

a large particle is one of casting a shadow obscuring
chromophores behind it. This results in a decrease of the

CD band intensities'®, which is demonstrated by the decrease
of the 4g¢ value of the absorption band at 280 nm by ca. 20%
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going from the mixed-micellar state to the vesicular state
(Figure 6.4a and &,4b). Of course, this effect is proportional
to the absclute band intensity. Since the CD band at 240 nm
disappears completely going from the mixed-micellar to the
vesicular state, the effect of increasing particle sizes is

of minor importance for this particular'absorption.

vol 1:4
Ag
f o 4:1
08 o 4:1
AE
(k)
0.4 10L
0.2 0.2
1:4
¢ 250 200 klfﬁﬂ 0 250 ]Jjju
1:4
-02 02
oL (a) . 0k
- 06 4:1 - 06
-08
-10

Figure 8.4 Ag plot versus the wave lengih of (-)HCIBCPB
ineorporated in aggregates of L-DMPC (al). Ac plot vergug the
wave length of f+)—CIECPB incerperated in aggregates of L-DMPC
L-DMPC (k). Molar lecithin/C,,CPB mizing ratios are indiecated.
The 1:4 mizing ratio reprasénts a mized=-micellar solution and

the 4:1 mizing ratic represents a miged-vegicular scolution.
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VI 3.3 13C WMR vesults of the mimed L-DHFC/C,,CPB dispersions

The results of Table VI,1 indicate that, comparable with
the DMPC/TAB mixed aggregates of Chapter IV, squeezing occurs
for the CTZCPB amphiphiles. Deshieldings are observed along
the hydrophobic chain of the C,,CPB revealing chain extension,
similar to the incorporated TABs'®. When incorporated in the
chiral L-DMPC vesicles, both C12CPB enantiomers act similarly,
No differences in the spectral parameters are observed when
comparing the L—DMPC/(v)~C12CPB mixed aggregates with the
L—DMPC/(+)—C12CPB mixed aggregates. In other words, there is
no evidence that one of the C,,CPB enantiomers accommodates
preferentially in the chiral-lecithin vesicle.

Takle VI.1 Chemical shifts and deshieldings (in parentheses)
of the C,,CPB amphiphiles wupon miming with L-pMPCY

(=2-C, PR mixing raties

sarbons 4:1 1:4

c-1 58.76 (+0.00) 58.76 (+0.00)
c-2 - - 30.30 (+0.05)
-3 26.47 (+0.15} 26.40 (+0.08)
C-10 32.58 (+0.47) 32.24 (+0.13)
c=-11 23.17 (+0,.33) 22.95 (~+0.14)
C-12 14.25 (+0.06) 14.26 (+0.07)
(+)-=0, CFPB mixing ratios

carbona 4:1 1:4

c-1 58.76 (+0.00) 58.76 (+0.00)
c-2 - - 30.29 (+0.05)
c-3 26.42 (+0.12) 26.37 (+0.07)
c-10 32.58 {(+0.48) 3Z2.Z2 (+0.12)
Cc=11 23.17 (+0.33) Z2.83 (+0.14)
c-12 14.26 (+0.,07) 14,24 (+0.05)

%The total amphiphile concentration was 50 mM.

25



Table VI.2 offers the chemical shift of the carbeny! carben
of the CIZCPB as a function of the apggregational density.

In order to eliminate solvent effects, corresponding chemical
shifts of the non micelle-forming 1-methyl analcgue &

are also presented (Table VI.3)}.

Table VI.2 136 NME chemical shift of the carbonyl carbon
of the chiral C,,CPF amphiphiles versus the aggregational
density

monomer micelle mixed mixed
(5 mM)} (50 mM) micelle® vesicle

aggregational density

8020 (ppm)® | 167.0%0.05 166.640.,05 166.6:0,05 166.2+0.05

“The mixed micelle Tepresents the L—DMPC/C12CPB 1:4 mixed
system.
®The mixed vesicle represents the L-DMPC/C,,CPB 4:1 mixed
system.
®Both C,,CPB enantiomers possess identical chemical shift
values.

It is well recognized that a large deshielding occurs
for the carbonyl carbon conjugated with an aromatic ring
when the carbonyl group has an out of plane orientation due to
the presence of an wg-substituted #-Bu group. For instance,
a chemical shift difference of +8.6 ppm is observed between
the carbenyls of #-butyl-2,6-dimethylphenyl ketone and its
t-butyl analogue with no methyl substituents on the ayomatic
ring: t-butylphenyl ketone'®. The chemical shift changes which
were observed going from the mixed vesicular to the moneomeric
solution (Table VI.2) may indicate a change of the average
carbonyl position with respect to the pyridinium ring. However,
ong should realize that the effects are small, and that a partial
dehydration of the C12CPB carbonyl upon incorporation in
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DMPC aggregates may already bring about such chemical shiftg
changes as well'®,

Table VI.3 .130 VMR chemiaeal shift of the carbonyl aarkon of

the chiral ¢,CPB amphiphiles versus the concentration

5 mM 50 mM with 10 mM with 40 mM

DMPC? pmec?

8c-g (ppm)° | 167.0£0.05 166.80.05 166.8:0.05 167.020.

05

“Representation of the L—DMPC/C1CPB 1:4 mixed systems.
bRépresentation of the L-DMPC/C,CPB 4:1 mixed systems.
®Both C1CPB egnantiomers possess identical chemical shift
values.

VI,4 Summary/conclusions

The CD spectral data of chiral C,,CFB are readily
influenced by the aggregational density of the C,,CFB, A
decay of the absorption band at 240 nm occurs when the
intermolecular packing increases. The largest effect occurs
for very dense DMPC vesicles in which the Cy,CPB is
incorporated. In order to interpret these observations in
terms of a deviation of the planarity within the carboxamide
group and/or deviations of the cut of plane ecrientation of
the carboxamide group with respect to the pyridinium moiety,
33C NMR chemical shifts of the carbonyl carbon of the Cy,CFB
were measured. However, no definite conclusions could be
reached. The hydrophobic alkyl chains of the €,CPB were
found to change their conformational equilibria towards more
extension. As the (-)-C12CPB and the (+)-C,,CPB enantiomer
behave similarly, ne intermolecular stereoselective
interactions could be detected between the individual C12CPB
enantiomers in the L-DMPC vesicles.

In other words, although squeezing occurs for the
C,,CPB amphiphiles in L-DMPC vesicles, the difference
in the effective surface areas of the two diastercoisomeric
C12CPB/DMPC mixed-amphiphile aggregates is not large enough
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to induce stereoselective interactions between both €,,CFB
enantiomers in the L-DMPC vesicles.

Recently, Tsai et al.’ showed spectral differences
between several chiral phospholipids, which were ascribed
to chiral recognition. These spectral differences are absent
in the aggregates of L-DMPC with (-)-8 and (+)-¢ respectively.
Obviously, chiral recognition can easily be observed
intramelecularly between diastereoisomers (i.e. diastereo-
isomeri¢ recognition).

VI.§ Experimental

-— General remarks

The 'H NMR spectra were recorded with a Varian EM-360 A
NMR spectrometer using Me4Si as internal standard (6§ = 0.00).
The '°C NMR spectra were rTun at 75.476 MHz on a Bruker CXP
300 spectrometer under proton noise decoupling at 50°C. The
deuterium signal from C.D, was employed as an extermal lock
gignal. Al] chemical shifts are related to Me4Si (CGDB at
128 ppm downfield from Me,51). 10,000-100,000 transients
were accumulated in 4K data points zerofilled te 32K points
before Fourier Transformation. Spectral width was 17 KHz.
No relaxition delay was employed. Pulse width was set to a 90°
f£lip angle. The decoupling circuit was tuned prior to the
various experiments in order to operate at levels of § Watts.
The optical rotations were measured on an Optical Activity
AA-10 polarimeter. The CD-spectra were recorded on a Jobin
Yvon Dichrograph Mark III-S., The UV spectra were obtained
from a Perkin-Elmer Double Beam Grating 3pectrophotometer
medel 124, DMPC was purchased from Supelco, Inc, and Sigma.
The preparation of (mixed) vesicles and (mixed) micelles was
outlined already in Chapter IV. Ethyl-B-aminocrotonate 2
and crotonaldehyde I were purchased from Aldrich. Ethyl-Z,4-
dimethyl-1,4-dihydronicotinate 3%, ethyl-2,4-dimethyl-
nicotinate 4%, 2,4-dimethyl-3-carboxylpyridine hydrochloride
¥,v-dimethyl-2,4-dimethyl-3~carbamoylpyridine®’'” and
silver-(+)-a-bromocamphor-E-sulfonate monchydrate®® were

25
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prepared using modified literature procedures. For all
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measurements, the total amphiphile concentrations were 50 mM,
unless indicated otherwise.

~ («)-N,¥-dimethyl-1-dodecyl-2,4-dimethyl-3-carbamoylpyridinium
bromide &

A stirred solution of dodecyl bromide (25 g; 100 mmol) and
amide 7 were heated to 90°-100°C during two days. The excess
dodecyl bromide was decanted. The precipitate was washed

with Etzo and dried, which resulted in 6.6 g (69%) of

bromide 8: oil; 'H NMR (CDC1;) 6 0.90 (t,3,CHyCH), 1.25
(m,20,10 CHy), 2.50 (s,3,CHy), 2.77 (s,3,CH;), 3.00 (s,3,CH;),
3.17 (s,3,CH;), 4.73 (t,2,NCH,), 7.80 (d,1,PyrH), 9.06
(d,1,PyrH).

A diastereomeric pair of 8 was obtained after complexation
with silver-{-)-e-bromecamphor-N-sulfonate monchydrate.
Repeated crystallization from acetone/hexane resulted in the
pure (--) diastereoisomer. Treatment of the (--) complex

with Amberlite IRA-400 (Br -form) resulted in (-)-8:

CD (H,0) ac +0.6 (278 mam), +0.65 (240 nm). [alp'= -12.4

(H20, c= 0.005 M).

= (+)-F,¥-dimethyl-1-dodecyl-2,4~dimethyl-3-carbamoylpyridinium
bromide &

Prepared analogously to (=)-8 using silver-(+)-o-bromocamphor-
-lI-sulfonate monohydrate: CD (HEO) te =-0.6 (278 nm), -0.65

(240 nm). (&) % +12.3 (H,0, c= 0.005 M).
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CHAPTER VII

CPMAS NMR in non-hydrated aand hydrated
phospholipid aggregates and modelsubstrates

VII.1 Intreduction

Nuclear magnetic resonance has been used extensively
to gain insight into the structure and dynamics of model and
biomembranes, in combination with many other techniques®.
The often complex internal structures of many biomembranes,
however, are not always accessible to spectroscopic methods.
For example, rigid (parts of) membranes, having large internal
viscosities, induce substantial line broadening of V¢
resonances moniteored by commen 3¢ HR NMR. This type of NMR
spectroscopy is mainly applicable to isotropic solutions. A
way to overcome the detection of broad resonances is to

U3¢y interactions contributing to the

eliminate the dipolar
line width, through elevated power decoupling®. HR NMR in
anisotropic systems became a routine method with the development
of cross polarization magic angle spinning (CPMAS), which

was first experimentally recognized by Sehaefer and Stejskal?l.
It combines pulsed NMR excitation with high-speed sample
rotation and high power decoupling. Rapid sample rotation

around an angle of 54.7° with respect to the external magnetic
field diminishes the chemical shift anisotropy contributions
caused by non-averaged molecular orientatioens. In combination
with strong dipolar decoupling "liquid-like" narrow lines are
observed. The 13C relaxation times in the solid state, however,
are very long and large delay times are necessary to obtain
reasonable signal to noise ratios. One way to prevent this is

offered by ¢ross polarization between the 13

C (rare spin) and
'H nuclei*, which is initiated by spin locking the protons?®,
In this manner, the magnetizatiom of the 3¢ and 'H nuclet

directed along the main axis of the external magnetic field,
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possess the same time dependence, and thus energy transfer
is possible viag the spin-flip mechanism. As a result, the
delay time is now controlled by the relaxation mechanism of
the TH nuclei only, instead of the 13C nuclei. Accordingly,
the acquisition time becomes much shorter apd relatively large
signal to noise ratios are obtained readily.

Until now, 13C—CP‘MA$ has not been used extensively in
the field of phospholipid research. However, the interest in
applying this technique is increasing rapidly. P3e.crmas
spectra of phospholipids in the anisotropic bilayer state have
been presented®, revealing highly resclved resonances for
unsonicated phospholipids in excess of water. In this Chapter,
the |5C-CPMAS experiment is used to gain insight into the
molecular organization within phospholipid aggregates and
model substrates a2t low water contents.

VII.2 The rotational speed dependence of the 18 cruas spestra
It should be stressed that, contrary to the HR measurements

presented in the preceding Chapters, CPMAS experiments are

in principle no longer non-destructive, due to the presence

of strong ultracentrifugal forces in the sample at fast

rotational sample speeds and a substantial heat transfer to the

sample, especially when it absorbs radiofrequencies readily.

Figure 7.7 indicates that sample rotation faster than ca.

2.6 KHz introduces additicnal resonances after a certain time

interval (typically 30 hrs.)}. The clearest example is the extra

low field rescnance in the —ﬁMes region of the phospholipid

at about 53 ppm. Not so very distinet, but also observable

are the additional resomances in the acyl region between 24

and 29 ppm. These spectral changes are not observed when

rotating the sample at 2.6 KHz. This indicates that the

occurrence of the additional resonances is caused by an increase

of the centrifugal force when increasing the rotor speed to

4 KHz. The latter frequency corresponds to a pressure at the

rim of the rotor of ca. 20 atm, Obviously, at least one phase

transfer is achieved at such large internal pressures.
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Figure 7.1 The rotaticnal spesd dependence of the lsc—CPMAS
gpeatrum of DEPPC., The upper spectrum shows DPPC at £.6 KHz
gample spinning. The "53 ppm“-vegtion (left) and the "24-38
ppm-region (right) at 4 KHz spinning are shown below. The

number of transiente (N) is alse indfecated.

VII.Z Hydrated and non=hydrated DPFPC

Amorphous samples of DPPC were prepared by dilution with
a solvent and subsequent evaporation. Spectra like the one
presented in Figure 7.1 were readily obtained. Upon hydration,
the only change observed was the broadening of the carbonyl
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Table VII.1 Chemical shifts of hydrated and non-hydrated
DPPC, at 2.6 KHz sample spirminga

non-hydrated DPPCY hydrated bpRCY
co 1731 173.2
172.2
cHo? 70.8 71.2
cH, N 66.5 66.5
CHZOgb 64,5 64,6
CH,0 62.7 63.3
EHZOPC 60.4 60.1
Ri(CHy) 5 54,0 54.5
-2 35.3 35.3
34.0 34.8
c-3 27.4 26,9
27.0
C-4 - C=13 32.7 33.0
c-14 33.9 34.3
33.5 33.6
c-15 24.3 24.3
23.7 23.9
c-16 14,2 14.4

%The chemical shifts {ppm) are related to adamantane

(6 = 29.23 ppm).

PBackbone Tes0nances.,

“Head ETOUp TEes0nances.

dThe resolved resonances correspond to the sr-1 and

gn—-2 acyl chains of the DPPC. The reproducibility of the
measurements was 0.5 ppm.
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resonances of the sn-1 and the sn-2 chain: the two resonances
were no longer detected separately (Table VII.1). It indicates
that hydration occurs for this group in particular and not for
carbons located further inside the hydrophobic regicn. It was
impossible, unfortunately, to operate at higher water contents
due to a large heat uptake by the internal water amcunt, which
ultimately resulted in phase transitions and subsequent spinning
instability.

Vil.4 Mizing TABs with DPPC in the hydrated phase

At the water contents investigated, DPPC possesses the
bilayer orientation’., Incorperation of C,,TAB gave the
fellowing implications (Table VII.Z and Figure 7.2)}. First,
the reproducibility of the chemical shifts (Table VII.2) was
estimated at 0.5 ppm. Thus, when chemical shift changes are
14TAB and DPPC, these do not
exceed 0.5 ppm. Such chemical shift changes are comparable

induced by interactions between C

with the values obtained for lecithin dispersions with higher
water amounts®. In other words, when changes in conformation
or packing occur, these are not larger than those for the
micellar and vesicular phase®. Secondly, changes in DPPC and
CT4TABHm0bilities were studied, This was done by means of
the T]Q—values of the protons of both compounds (Figure 7,2,
only the readily detectable resonances of the methyl carbons
of the hydrophobic and hydrophilic region were observed). The
T1g relaxation time represents the time constant with which
the spin-locked magnetization in the rotating frame decays®’’.
T]': a
relaxation time T, and shorter than the spin-lattice

T, H H o 107% s and
T1g A 187% - 10 -2 s. Although 'I'1 processes are influenced

-values are usually much longer than the spin-spin

relaxation time . Typical values are 12
by inter- and intramolecular spin diffusion'®*'? - and thus
their T1DH—va1ues Tepresent an averqge over all protons in the
amphiphiles - and, moreover in the case presented here,
internal methyl rotation'' also contributes, some conclusions
can be reached from the plots of Figure 7.2. The T12 of DPPC
increases with raising concentrations of C TAB (a fast decay

of the '°C NMR signal intensity implies a bhort T1H—value
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fable VII.2 Chemical shifts of C, ,TAB and DFFC upon mizing

mixing ratios”
aarbonsb 9:1 411 2:1 1:1 1:2 1:4 pure
Cq,TAB
ﬁ(CHS)s 53.5 §3.6 53.6 53.6 53,8 53.6 53.8
c~1 66.4 06.5 66.4 66.5 66,4 66.4 &6.4
c-2 - - - - - - 24,6
c-3 - - - - - - 29,6
c-12 | 34.4 34.5 34.5 34.4 34,2 34,7 34,7
C-13 - - 23,7 2%3.8 23.7 23,7 23.8
c-14 - 16.8%8 16.8 16.7 16.7 16.8 15.8
DPPC

cuo® 71.0 70,1 71.2 71.3 71.5 70.9
CHZOPG 64,7 - 64,6 64.3 64,1 84,5
CHZOC& 63,2 63.1 63,0 63.0 63,0 63,3
Cﬁzgg 60,1 60,3 60,0 60,0 60.0 -
CH,yN 66.4 66.5 66.5 66.5 66.4 66.4
ﬁ(CH3)3 54.5 54.5 54.5 54.5 54,5 54.5
co 172.6 172.7 173.1 73.0 173.0 172.7

172.0 172.1 172.4 172.4 172.3 172.0
c-2 - 35,8 35,1 35.1 35.1 35.2
G-3 - - - 26.7 26.8 26.9

26.4 26.4 26.6 27.0 26.8 26.8
c-4 - C-13| 33.0 33.0 33.0 32.9 32.7 32.7
C-14 34,0 34.5 34.0 33.9 34,2 33.9
C-15 24.9 24,9 24.9 24.8 24.8 24.8

24.2 24,1 24.2 24.1 24,0 24.2
C-16 14.5 14,7 14.4 14.4 14.2 14.4

“Mixing ratios are defined as the quotient of the comcentrations
of the DPPC and the C14TAB. .

bDue to overlapping signals, spectral assignments of the carbons
which are not mentioned were impossible, just as the carbons
corresponding to the vacancies in the Table.

®Rackbone resonances.

dHead group resonances.
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and a slow decay corresponds with a long T1g—value). These
observations indicate that the lecithim mobility on the
former mentioned time scale imereases. The T]S'Value of
Cy4TAB decreases when raising the concentration of DPPC. This
indicates that Cy,TAB mobilities decrecse when the DPPC
concentration is raised.

VIT. b Summgvy/conclusions

The central questions in many studies of phospholipid
bilayers are, as far as the hydrophobic parts are concerned,
concentrated around the problem of occurrence of chain kinking
and/or unpacking and the reasons for this. A number of studies
have been performed using vibrational spectroscopy and NMR.

A useful reference of the differences in vibrational spectroscop)
was given by Bugh et al.'?. The measurements described in this
Chapter concern only variations in water contents over a rather
limited concentration range. The discussion is thus confined

to this point. Gaber et a?.'? indicated that solid n-hexadecane
and DPPC would have the same anti/gauehe ratios, The chemical
shifts of the pure DPPC phases indicate that DPPC, even in the
absence of water, is less rigid and/or tightly packed than
solid n-alkanes'*. This is concluded from the fact that for
DPPC shielding of about 1 ppm are found with respect to solid
alkanes.

Hydration of the DPPC was found to influence the carbonyl
carbons only., In the past, tweo moles of water per lipid molecule
were claimed to induce conformational changes within head group
and acyl tails, as detected by Raman spectroscopy!?’'?, In
particular, Busgh st al. came to the conclusion that addition of
two moles of water effectuated a decrease of the crystallinity
due to increased molecular motions in the head group region
and the interfacial region. However, the conformational changes
in the acyl chains are in the order of omnly 5%. These fall
within the reproducibility of the CPMAS experiments presented
here, Recently, the working procedure of Gaber ot al.'? was
critically reviewed by S$nyder et al.'®, The latter indicated
that care should be taken with the interpretations of Gaber
¢t al.'?, using certain IR- or Raman absorption bands as
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so-called anti or gauehe markers. This, in Suyder’s opinion,
could lead to erroneous vesults, This might also be the case
for the experiments of Busk et al.'%. On the other hand,
however, the present CPMAS NMR results might verify the
outcome of Bush et ¢l.'? independently, It can be noted in
passing, that Snyder’s suggestion that in the gel phase
of DPEC only interactions between all-anti chains ocqur,
fits in the present description of the NMR results!®,

T1§ measurements indicate that sqeezing of the C,,TAR
substrate by lecithins takes place in the flat bilayer state,
analogously to the vesicular dispersions outlined in Chapter
IV. Obviously, small radii of curvature are not necessary to
obtain squeezing of the substrate. No evidence for large
conformational changes were found to occur simultaneously
with the squeezing of the CT4TAB by DPPC. This is concluded |
from the fact that the chemical shift changes to be expected
based on studies of more mobile systems, are of the same order
of magnitude as the reproducibility of the measurements
(see Chapters II and III).

VII,é Ezperimental

Multibilayer dispersions of DPPC were prepared as follows,
A chloroform solutien of the lecithin was evaporated to dryness
under a stream of argon. Residual traces of organic solvent
were removed overnight at 60°C and at 0.005 mm Hg. The lecithin
was transferred to an Andrew-rotor and the appropriate amount
of deionirzed water was added (2 moles water on 1 mole lecithin).
Mixed multibilayer dispersions of DPPC and C 4TAB were
prepared similarly, by drying a chloroform solution of both
constituents and subsequent adding the appropriate amounts
of water (Z moles water on 1 mole amphiphile, Z.e. lecithin
plus TAB).

The '3C-CPMAS NMR spectra were run at 75.476 Miz on &
Bruker CXP 300 spectrometer. The chemical shifts are rTelated
to Me4Si. 4,000-60,000 transients of 1K data points were
accumulated and zerofilled to 32X points prior to Fourier
Transformation. S$pectral width was 17 KHz. The pulse delay
employed varied from 4 5 for the non-hydrated samples to
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15 5 for the hydrated samples. The 1H—pulse duration was
3 us, corresponding to a 'p-field of ca. 20 Gauss. The contact

H experiments.

time employed was 2.5 ms and varied during the T1p
The acquisition time was 29 ms and the rotor speed was 2.6

ftiz, dvless indicated otherwise.
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Summary

Membrane mediated processes appear through the presence
of incorporated substrates (proteins, cholesterol, single
stranded amphiphiles). In general, the central part of the
membrane is formed by a phosphoclipid bilayer. This bilayer is
built up by a hydrophilic outside region (the phospheolipid
head groups) and a hydrophobic inside region (the phospholipid
acyl chains), which shows fluid-like characteristics. A most
convenient methed in the study of the fluidity of the bilayer
is '3 NMR, cepable of momitoring each individual carbon.
However, this method has been hardly applied to (model systems
for) biomembranes, because of the difficulties in interpreting
the '°¢C NMR spectral parameters.

This thesis describes a method which translates C NMR
spectral data into a number of aspects of the membrane fluidity.
This method has been made suitable for measuring cellejdal
particles (micelles, vesicles and flat bilayers). The
interpretations of the P spectra were carried out in terms

13

of membrane fluidity (Z.e. changes in conformational equilibria,
intermolecular hydrophobic interactions and intermolecularly
correlated mobilities of the constituents of the colloidal
particles). This procedure was first tested experimentally on
well-defined single- and mixed-mieellar structures of fatty acid
salts with different n-acyl chain lengths. Then, the procedure
was extended towards mixed micelles consisting of biolegical
components and model compounds for biomembrane substrates, 7.e.
a short-chain lecithin and several single stranded trimethyl-
ammonium bromides (TABs). It was shown, that the lecithin
possesses the intrinsic property of making the incorporated

TAB substrates rigid. A further extension towards large
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anisotropic systems was made by the investigation of vegicular
colloidal sclutions of long-chain lecithins. It was shown, that
at low concentrations of the TAB substrate alse rigidity of the
TAEs was induced by the surrounding long-chain lecithins,
without affecting the lecithins., Furthermore, it was
demonstrated that upon disruption of the mixed-vesicular
structure towards mixed-micellar structures through raised
concentrations of substrate (ca. T equiv.), the rigidity of

the TABs was reduced. Non-amphiphilic substrates such as
cholesterol were reduced in their dynamics analogous to the
amphiphilic TABs. In the case of intercalation of cholesterel,
however, it was demonstrated that the sterol-surrounding
lecithins were also made rigid. It was found to be related to
the large dimension of the sterol.

Many of the metabolites traversing the biomembrane are
optically active. The chiral single-stranded model substrate
N,N-dimethyl-1=-dodecyl-2,4-dimethyl-3-carbamoylpyridinium
bromide [C12CPB) was made rvigid by the lecithins (analogous
to the former mentioned substrates), which resulted in changes
of the chirality of the substrate. In this case rigidification
of the chiral C;,CP8 was shown to affect CD spectral absorptions
The pessibility of a conformational change within the chiral
polar head group of the C1ZCPB was discussed.

Finally, the ~C NMR operating procedure was applied
to colloidal particles best resembling the biomembrane backbone,
i.e. bilayer particles. Similar to micellar lecithins and
vesicular lecithins, the lecithin molecules in the bilayer
orientation were found to Yesist against disruption of the
bilayer by substrates.

Biomembranes are much more complicated than the model
systems described in this thesis. Nevertheless, a general
membrane property was detected, viz. that membrane substrates
are squeezed within the membrane, as induced by the surrounding
lecithin molecules.
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Samenvatting

Processen waarbij het membraan betrokken is, verlopen door
de aanwezigheid van geinkorporeerde substraten (proteinen,
cholesterol, n-alkylamfifielen). In het algemeen wordt het
centrale deel van het membraan gevormd door een dubbellaag van
fosfolipiden. Deze dubbellaag wordt opgebouwd door een hydrofiele
buitenzijde (de kopgroepen van de fosfolipiden) en een hydrofobe
binnenkant (de acyl ketens van de fosfolipiden), welke vlocei-
stofeigenschappen vertoont. Een uiterst geschikte methode om de
vligeibaarheid van de dubbellaag te bestuderen is (&2 NMR, welke
in staat is om leder koolstofatoom individueel te observeren.

13C spektrale gegevens

Echter, vanwege de moeilijkheden om de
te interpreteren is deze techniek zelden toegepast op (modellen
voor) biomembranen.

In dit proefschrift wordt een manier beschreven om de 13C
spektrale gegevens te interpreteren naar een aantal aspekten
van het vloeistofkarakter van het membraan. Deze methode is
toepasbaar gemaakt voor de studie van kolloidale deeltjes
(micellen, vesicles en vliakke dubbellagen). De interpretaties
van de 13C spektra werden uitgevoerd in termen van de vloei-
baarheid van het membraan (d.w.z. veranderingen van konformatie-
evenwichten, intermolekulaire hydrofobe interakties en inter-
molekulair gekorreleerde mobiliteiten van de bestanddelen van
de kolloidale deeltjes). In eerste instantie werd deze methodiek
getest op goed gedefinieerde enkelvoudige en gemengde micellen
van zouten van vetzuren met verschillende ketenlengtes.
Vervolgens werd de interpretatiemethode uitgebreid naar gemengde
micellen bestaande uit biologische verbindingen en model-
substraten, d.w.z. een lecithine met een korte n-acylketenlengte
en enkele m-alkyltrimethylammoniumbromides (TABs). Aangetoond
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werd, dat de lecithinemolekulen de intrinsieke eigenschap
bezitten om de geinkorporeerde TAP substraten te verstarren.
Een verdere uitbreiding nagr grote anisotrope systemen werd
gemaakt door de bestudering van kolleidale oplessingen van
vesicles van lecithines met een lange n-acylketenlengte. Het
bleek, dat bij lage koncentraties van de TAR substraten eveneens
verstarring optrad van de TAB molekulen. Dit werd veroccrzaakt
door de omringende lecithinemolekulen, zonder dat deze zelf
werden beinvloed. Eveneens werd duidelijk dat, bij uiteenvallen
van de vesiclestruktuur in micellaire strukturen onder invloed
van ca. 1 equivalent substraat, de starheid van de TAB
substraten afnam. Niet-amfifiele substraten zoals cholesterol
verstarden eveneens, analoog aan de TABs. Echter bleek het

dat, wat betreft het geinkorporeerde cholesterol, de omringende
lecithinemolekulen ook verstarden. De oorzaak hiervan was de
grote afmeting van het cholesterolmolekuul.

Een groot aantal metabolieten welke door het membraan
getransporteerd worden, zijn optisch aktief. Het chirale
modelsubstraat, #,¥-dimethyl-1-dodecyl-2,4-dimethyl-3-carbamoyl-
pyridiniumbromide (C,,CPB) verstarde onder invlced van de
emringende lecithinemolekulen, analoog aan de TABs, hetgeen
resulteerde in veranderingen in de chiraliteit van het substraat.
In dit geval bleek, dat bij verstarring van het chirale C,,CPB
CD-absorpties werden beinviced. Een mogelijke konformatie-
verandering in de chirale kopgroep van het C,,CPB werd besproken.

Tenslotte werd de 135 NMR interpretatiemethode toegepast
op kolloidale deeltjes welke de beste gelijkenis vertonen met
de biologische lecithineaggregaten, namelijk de deeltjes met de
vlakke dubbellaagorientatie. Analoog aan micellaire en vesicu-
laire lecithines werd gedemonstreerd dat ook in dit geval de
lecithinemolekulen zich verzetten tegen het uiteenvallen van de
dubbellaag o.i.v. n-alkylsubstraten.

Biomembranen zijn meer gekompliceerde systemen dan de
in dit proefschrift beschreven modelsystemen. Niettemin werd
¢en intrinsieke eigenschap van het membraan ontdekt, namelijk
dat de membraansubstraten in het membrzan worden samengedrukt
door de omringende lecithinemolekulen.
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Stellingen

De konstatering dat fosfeolipiden bij lage watergehaltes
zijn georienteerd in de dubbellaagstruktuur, dient in
overeenstemming te zijn met de binaire fasediagramgegevens.

V. Luzatti, "Biological Membranes, Physical Fact
and Function" (D. Chapman, Ed.), Acad. Press,
London, 1968, 771;

V. Luzatti, T. Gulik en A. Tardieu, Nature, 71968,
218,1031,

Het is opmerkeliik dat Ebright en Wong ervan uitgaan dat de
adeninebase van cyclisch 3',5'-adenosinemoncfosfaat (cAMP)
direkt deelneemt aan de interaktie tussen DNA en het komplex
van cAMP en het cAMP receptor proteine, terwijl uit réntgen-
onderzoek door MeKay en Steits 1s gebleken dat het cAMP
molekuul diep in het ¢AMP receptor proteine opgesloten ligt,

R.H. Ebright en J.R. Wong, Proc. Natl. Acad. Sci.
USA, 1981, 78,4011;
D.B. McKay en T.A, Seitz, Nature, 1987, 210,745,

Uit de resultaten van ven Hagstert et ai, moet gekonkludeerd
worden dat de vorming van een kovalente binding tuszen het
enzym en cyclisch 3',5'-adenosinemonofosfaat plaatsvindt

deor een aanval van een enzymligand op de ende positie van
het fosfor atoom en niet, zcals doer hen wordt verondersteld,
op de exo positie.

P.J.M. van Haastert, P,A.M. Dijkgraaf, T,M, Konijn,



E.G., Abbad, G. Petridis en B. Jastorff, Eur.
J. Bicchem., 1983, 181,659,

Bij de bepaling van de stereochemie van de methylmalenyl
coenzym A isomerisatie wordt geen rekening gehouden met
het gegeven dat het gepostuleerde radikaalmechanisme voor
de intrameolekulaire koolstofmigraties kan leiden tot
racemisatie van de chirale centra.

J. Retey, Recent, Adv. Phytochem,, 1979, 13,1.

Het verdient aanbeveling om bij de bereiding van ocestrogenen
viag asymmetrisch geinduceerde cyclisatiereakties,
enantiomeer zuivere precursors te gebruiken.

C.G.M., Janssen, proefschrift, T.H. Eindhoven, 1982;
A.A. Maceo en H.M, Buck, J. Org. Chem., 1981, 135,
2655.

De berekeningen van Howell et a«l., welke aangeven dat er
geen energiebarriére bestaat voor fragmentatie van PHy
naar PHS + H., dienen kritisch te worden herbezien.

J.H. Howell en J.F. Olsen, J. Amer. Chem. Soc.,
1976, 88,7119,

Het verdient aanbeveling om de rol van vijfgekodrdineerde
fosforintermediairen in fosfolipiden te onderzoeken,

De veronderstelling van Roberte et ol. dat de koolstof-
atomen van de s»n-1 ketens van lecithines met korte acyl-
ketenlengte 1angere 3¢ spin-rooster relaxatietijden
bezitten dan die van de sx-2 Xetens, is aanvechtbaar.

R.A. Burns en M.¥., Roberts, Biochemistry, 1980,
19, 3100,




9. Voor het juist interpreteren van spektrale gegevens van
fosfolipide dubbellagen en vesicles met behulp van
elektronen-spin-resonantie, moet men zich de verstorende
effekten van de geinkorporeerde spinlabel duidelijk
realiseren,

K. Madden, L. Kevan, P.D. Morse II en
R.N. Schwartz, J. Amer. Chem. Soc., 1982, 104,10.

10. Analoog aan de preventieve werking van de bijsluitertekst
van een medicinaal preparaat, zou een vergelijkbaar effekt
verwacht kunnen worden indien op het etiket van alkoholika
eveneens wayrd vermeld: ".... kan de rijvaardigheid
beinvloeden",

R.J.E.M. de Weerd Eindhoven, 4 oktober 1983.




Erratum

page 30, Table II.3b: C11KG?G should read C11KCGC, and C11KC60
should read C11fcsc. This is also valid for these abbreviations
in the focotnote of this Table,
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