for example cytochrome c, which bind strongly to cc-factors such as
haem.

Finally, the third group comprises a different ciass of proteins
which have not been crystallised without co-factors. Analvses of
their properties in solution show that Ehey do not fold in z weil
defined way, and tend to form a random coil at relatively iow tewpera-
tures. Proteins in this group, for examplie troponin-C (rabbit; &-¢
ribosomal proteins, have a large proportion (= 25%) of charged zminc
aéid residues. There is a paucity of information in the literature
on the relationship between the hydrophobic to charged amino acid
residues in proteins and their surface activity.

The investigations of Papahadjopoulos and his associates on the
effect of various proteins on the transition temperature (TC) of
lipids however, permitted them to identify three broad types of inter-
action as follows:

(i) Surface adsorption, for example, as shown by ribonuclease
and polylysine;

(ii) Surface adsorption followed by partial penetration and
deformation of the lipid bilayer as, for example, manifested by the
basic myelin protein A], and also by cytochrome c and haemoglobin; and
finally,

(iii) Complete penetration of the lipid bilayer by the protein,
as observed in myelin proteolipid, apoprotein and gramicidin
(Papahadjopoulos et al., 1975). The ratios of the hydrophobic to

charged amino acid residues in some of these proteins and in VSG are

listed in Table 5.
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Table 5 The ratio of hydrophobic to charged amino acid residues

(H/C) for various proteins.

Protein H/C Reference
Ribonuclease 2.4 Williams (1979)
Mellitin 3 Knoppel (1979)
Variant surface

glycoprotein ' 3 Cross (1975)
B-Casein

K-casein

apo A-1 | 1.2 Osborne (1977)
apo A-11 I Osborne (1977)
Lysozyme 2.2 Williams (1979)
Cytochrome ¢ 1.5 wWilliams (1979)

Protein A1 of
myelin membrane 1.5 Williams (1979)

The term 'protein hydrophcbicity' is used on the basis of amino acid

composition and surface activity properties (see Section 5.4).

The ratio (H/C) was calculated on the basis of amino acid composition

divided into three main classes:

(i) Hydrophobic: leucine, valine, isoleucine, alanine, proline,
methionine, cysteine, phenilalnine, tyrosine, tryptophan and
threonine.

(ii) Charged: lysine, arginine, glutamic acid and aspartic acid.

(iii) Intermediate: glycine, serine, asparagine, glutamine and

histidine.
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From the above discussion it is clear that this ratio does not
contain sufficient information to assess the overall 'hydrophobicity'
of the protein. For example, ¥S& and me]1itin‘have identical values
for this ratio but their behavicur at the air-water interface is
totally different. Most investigations have concentrated on the inter-
action of plasma lipoproteins with phospholipids. Segrest et 2.

(1974) have shown that the ability of aéb?ipoprotein to interact and
form complexes with phospholipids could not readily be explained cn

the basis of their amino acid composition, nor from direct inspecticn
of their primary structures. Tnase authors used evidence from space-
filling models of apoproteins of known sequence, and have suggested

the existence of amphipathic hzlices in these proteins. Where the dis-
tribution of chargedramino acids with a type of steric hindrance to
Charge could partially explain the occurrence of ion pairs in restricted
regions of the amphipathic heiix. Then the possibility of interaction
with oppositely charged groups in phospholipids becomes greatly

increased (Morrisettet ai., 1377;.

The complete amino acid sequence for VSG has not been determined.
So far, there are partial sequences for the carboxyl terminus (Johnson
& Cross, 1979), and an indirect sesquence of the whole molecule from
cDNA sequences (Cross et al., 198C). Once the complete sequence is
known it may be possible to construct a space-filling model in“order
to shpw the distribution of the charged amino acid residues and search

for possible binding sites.

5.5.5 Quantifying the interaction of VSG with lipids

The quantification of the VSG-lipid interaction was consicsr2z -

Sectfon 5.4. The modified Gibbs adsorption isotherm analysis w2z zpplied




to the interaction of VSG with various phospholipids. Since the
adsorption of VSG occurred at am interface containing a lipid mono-
layer, it was important to quantify the formation of the first layer
of VSG beneath the lipid film. The method suggested by Eiley & Hedge
(1956) permitted the calculatiom of the slope dﬂ/d]ogc at the point
where formation of the first layer is completed. Thus the surface
excess of VSG calculated for warious monolayers takes into acceunt
only the first layer of V¥S& deposited beneath the 1ipid fiim (Table
1(a)). Comparison of the mamber of amino acid residues penetrating
1ipid monolayers calculated fros the Gibbs adsorption equation and
other calculations, shows markedly differing values in some cases.
The values shdwing the best correlation are those obtained using the
equation due to Smaby & Brockman (1978) for calculations involving a
miscible system. It is ciear from these calculations that the bulk
of VSG molecule inserted into lipid mcnolayers is extremely small,
bearing in mind that the total curface area of this protein molecule
unfolded at the interface is estimated to be 822032. It could be
assumed, therefore, that these caiculated values of amino acid
residues represent a part of the molecule which is attached to the
1ipid surface. Under these congitions the adsorbed protein molecule
is not completely unfolded and therefore different from the structure
of a spread protein monolayer. The above assumptions have been
indirectly substantiated by tne findings of Morrisett (Morrisett et al.,
1977) that the a-he]ica] content of apo C-III is increased in the

presence of phospholipids. Even in the absence of a Tipid monolayer

it appears that various polypeptides still retain some of their

S

secondary structure (Mitchell et al., 1970; Malcolm, 1973). A




application of the Gibbs adsorption equation to various proteins shows
that the area occupied per protein molecule is smaller than that
expected for an unfolded protein, thus implying that there is no
relationship between values for the area occupied and the mclecular
size of the protein (see review by MacRitchie, p. 303, 1977). In'
bther words, the molecular area of BSA estimated from the m-A isotherms
of spread monolayers of protein is about 10,00022, and in contrast to
this value, the area of BSA adscrbed shdwéd an average value of

26532, corresponding to seventeen amino acid units.

The Tow values for penetrating amino acid units obtained from
other calculations such as the geometric model, coefficient of lateral
compressibi]ity, and relative increase in area, could be due to over-
estimation of the ‘amount of ¥SS which had mixed with the Tipid mono-
Tayer. It is thus not possible to arrive at a definite conclusion as
to which treatment provides tne best approximation for the number of
penetrating amino acid units. The result from the geometric model may
be excluded, however, on the grounds that it has not taken the lateral
pressure of the film into account, and therefore assumes that the
available surface area is entirely occupied by the molecules of VSG.
This is well illustrated in Fig. 5.12 where it is seen that the total
surface pressure at a VSG:phospholipid molar ratio of 1:1 did not

reach values higher than 10 mN/m.
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CHAPTER 6

INFLUENCE OF PH, IONIC STRENGTH, AND DETERGENT ON THE

ANTIGEN-LIPID INTERACTION IN MONO- AND HETERO-MOLECULAR FILMS

Study of the interaction of WSG with monomolecular films has
proved highly informative. The ease of obtaining physicochemical
values such as compressibility coefficient, critical surface pressure,
and adsorption at the lipid-water interface has shown the monolayer

model to be suitable for these studies.

6.1 Mixed monolayers

The use of heteromolecular films as a model is of importance
because they can be made to approximate natural systems. The study of
insotuble monolayer mi;tures can be carried out in a similar way to
that for a monolayer containing a single molecular species. The
characteristics of the mixed fiim, however, do not necessarily corres-
pond to an average of the characteristics of the individual components
as discussed below. Despite the ccﬁsiéerable complexity of working
with a system consisting of an inscluble mixed 1ipid monolayer and an
added water-soluble component, the study is potentially attractive.

At this stage, it is pertinent to discuss the theoretical and
practical ways of evaluating the miscibility properties of hetero-
molecular 1ipid films. If the components are immiscible they will obey

the equation

Ay o = A+ A (6.1)

where A, , is the average molecular area units, N; and N, are the

mole fractions of the components,A] and A2 are the molecular aresas




for their respective monomolecular films at the same surface pressure.

Surface potential should also obey a similar equation
Av 1.2 N]A\)1 + Ay, N, (6.2)

The application of the thermodymamics of mixing at the interface
analogous to that applied to gases and liquids provides other arguments.
Thus from the Gibbs free emergy equation (5.4), with the intensive
variables held constant [Temperature (T), surface tension (y) and

pressure (p)] we obtain,
6 = Ty ong (6.3)

the superscript s denotes surface property.

M is in equilibrium with the bulk phase and can be written

U

i = RT Tn n; and the equatiom (6.3) becomes

S L I
6" = 3 niRT In ns (6.4)

For two components at the iiquid surface the free energy of mixing

of the components 1 and 2 at tre interface is

AG .. = nRT (xilnx] + X inxz) (6.5)

n is the total amount of components at the interface (n = n]+n2),

and X and X, are the mole fraction for each component.

Since (?T)p.n.Y
The entropy of mixing is

P M = -
AS iy = (Cmeix/’aqu,n],nz = - nR{nyTInx; + x21nx2) (6.6)

mix is the abbreviation for mixing
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Since In x is negative G is negative and the entropy of mixing is a

mix
.

positive quantity. It is in ideal mixtures where the 1-1, 1-2 and 2-2

interactions are not zero but tney are all virtually the same and using

MGy = BH - TAS_. (6.7)

at constant temperature the enthalpy of mixing is AH = 0 {constant

miXx
p and T). 1 denotes the component Ny and 2 denotes the componeni n..
In real mixtures in which the 1-1, 1-2 and 2-2 interactions are diffsrent,
o an enthalpy change is involved {:Hnix = 0) in the disruption of 1-1 arnd
2-2 interactions and their replacement by 1-2 interactions. If the
interactions 1-1 and 2-2 are more favourable than the 1-2 the enthalpy

of mixing is positive (AHnix > 3} and its contribution to AG may over-

mix
come the favourable entropy ters and the components will be immiscible.
Any deviation of mixed momolayer behaviour from equations (6.1)
and (6.2) provides evidence for =miscibility in the film. At low surface
pressures, however, some mixed films nave been found to be miscible
whilst they remain immiscible at nigh surface pressure (Gaines, 1966,
p. 281).
Therefore, the use of the surface phase ru]eJr for detecting

miscibility in heteromolecuiar mcnoiayers at the equilibrium spreading

+The following definition of the surface phase rule for the monolayer

system is analogous to Gibb's phase rule (Gaines, 1966).

Fo=cBacS-pPogus (6.8)
where F is number of degrees of freedom, CB number of components of thre
system, PB number of bulk phases, CS number of components confined tc
the surface and q number of surface phases in equilibrium with one

g -

another. Surface tension, temperature and external pressures are syszz-

variables.




pressure has proved to be of extreme iﬁportance. It is very well
illustrated in the study of ccndensed heteromolecular 1ipid monolayers
carried out by Gershfeld (1974)}. The two components DPPC and CHL
(crystals) were added to water, the mixture was stirred vigorously,

the surface tension and surface composition were monitored periodically
until no change in both parazeters was detected. The use of radio-
Tabelled CHL showed that at equilibrium CHL remained at the same surtace
concentration as for a pure saturated solution. This was taken to
indicate that DPPC had been completely excluded from the surface and,
therefore, both components [DPPC and CHL) were immiscible in surface
£ilm. This result contradicts tnat found in the spread film experiment,
where solutions of CHL and DPPC at fixed molar ratios in a volatile
organic solvent were spread on an agueous surface followed by the deter-
mination of the m-A isotherm. The latter jndicated that m was a func-
tion of the mean average area (v&n ceenen et al., 1962; Muller-Laudau
et al., 1979). Thus from the spread film experiment it seems that the
two lipid components are miscibie at all film pressures. Gershfeld
(1974) explains this discrepancy in equilibrium terms: the spread film
is assumed to be a non-equiliorium system in view of the possible
occurrence of supercompressisn and the high surface viscosity in con-
densed films. In equilibrium spreading pressure experiments a real
equilibrium is probably reached and then, the compound with the highest
equilibrium spreading pressure will preferentially adsorb to the sur-
face when the components are immiscible. Details of the Gibbs phase
rule are not given here because equilibrium spreading pressure experi-
ments were not attempted since spread film experiments were found =< 2e

more appropriate for the present study. The main objective in using
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mixed 1ipid films was to find out whether VSG could compete with phos-

pholipids for sterols to form z 'mixed' VSG-sterol-phospholipid film,

which could be a feature on the cell surfaces.

6.1.1 Mixed monolayers of phospnatidylcholine and phospratilyl-

ethanolamine

Monolayers of EYPC and PZ ir 3 ::1 molar ratio spread at tre air-
water interface showed a +-A isotmherm typical of an expanded Eiéi film.
Precautions taken during the compression and expansion were as describec
for monomolecular films. Specially creformed films for studying the
VSG interaction were never compressec tg tn2 coliapse point. Comparison
of the displacement of tne T-A isctnerm in the presence of VSG, both in
the mixed film and in the monomolecuiar lipid fiim c® each component
respectively, did not show significant differences within experimental
error. This is illustratad by the graph inset (Fig. 6.1) where the
Ay values have been found to be equivalent to those observed for PE
and EYPC monomolecular monoiayers.

It should be noted here that in these calculations no attempts
were made to calculate & as a function of amount of VSG adsorbed at
the 1ipid surface. In order to follow the behaviour of the VSG-Tipid
interaction the VSG-lipid molar ratio of 1:6 was kept constant. Changes
in surface potential, in general follow the pattern observed in experi-
ments with monomolecular films of phospholipids. At very low surface |
pressures of 1lipid, the presence of VSG raised the AS by about 50 mV
compared with that found for lipids alone; and this difference
diminished simultaneously with the increase of surface pressure. Tnis
suggests that VSG mixeg with 1ipid molecules at low surface pressur:z,

but is squeezed out at high surface pressure,




Fig. 6.1
Mixed monolayer of egg yolk phosphatidyl choline~phosphatidyl

ethanolamine spread at the air-water interface. The lipids were

mixed previously before adding to the interface.

(0) equimolar mixture of EYPC and PE, 6 nmol each.

(A) VSG was added by touching the lipid surface at near zero
surface pressure for a VSG:phospholipid mol ratio of 1:6, and

the force-area curve was determined after 1 hr.

Figure inset.
Am is the difference between the surface pressure from the

phospholipid-VSG monolayer and the phospholipid monolayer as

determined from force-area curves (see equation 5.1). The

critical surface pressure is taken at the inflexion point where

Am start decreasing.

- Subphase pH 6.8.
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6.1.2 Mixed monolayers of phospnatidylethanolamine, sphingomyelin

and cholesterol

Interaction of VSG]S] with monolayers containing PE, SPH and CHL
were carried out as described above. Fig. 6.2 shows that ircreasing
the ratio of cholesterol caused less expansion of the m-A isotnerm.
Increasing the CHL:phospholipid mole ratio from 1:5 to 1:3, rcwever,
did not cause a significant imcrease in Am values when an equiveiert
amount of VSG was added {Fig. €.2, inset). Changes in Am for CHL-
phospholipid ratio of 1:1 gave higher values than those above. Dis-
continuity of surface pressure cranges can also be deduced from the
plot of Am versus lipid surface pressure (ml). The point where Am
critical) indicates the total surface pressure
(Am + wL) at which VSG is expeiled. When this value of Am

starts to decline (Aw
critical 1S
transferred to the w-A isotherm it then becomes possible to identify
the 1ipid surface area at which the exclusion process occurs.

The critical surface pressure was found to be dependent on initial
available area and initial surface pressure. This is illustrated in
Fig. 6.3(a), where the additiocn of V3G at 7232, instead of 92,32 and
zero surface pressure (see Fig. 6.2), drastically reduced the displace-
ment of the m-A isotherm. A similar result was obtained when CHL was
replaced by ERG for the same iipid composition and VSG concentration
(Fig. 64b).

Although increasing the VSG concentration produced a displacement

in the w-A isotherm, the = values showed no significant

critical
changes as evident from the plots of the Am versus 7l (Fig. 6.3 insel .

(31

(%]

Thus at the VSG-lipid mole ratio of 1:4.5 the following Tepitical
1 1

-

for

for CHL:SPH:PE (1:1:1), and 11 mNm_

were obtained: 14 mNm
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Fig. 6.2

Interaction of VSG]S] with phospholipid-cholesterol monolayers.
The phospholipid:cholesterol mol ratio is indicated in the
figure. 2 nmol of VSG was added to the CHL:SPH:PE (1:1:1 mol
ratio) monolayer for a VSG:phospholipid mol ratio of 1:6.
Similarly 2.5 nmol of VSG was added to the CHL:SPH:PE (2:1:1

mol ratio) monolayer for the VSG:phospholipid ratio 1:6.

Figure inset.
Am for the interaction of VSG with each lipid monolayer was

determined as described in Fig. 6.1.

(A) CHL:SPH:PE 2:1:1
(A)  CHL:SPH:PE 1:1:1
(CJ) CHL:SPH:PE {:2:2

Subphase pH 6.8.

Force-area curves of (o) the lipid mixed film and in presence
of (A) VSG. Surface potentials for (o, ®) Tipid films and

(C0) in presence of VSG.
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Fig. 6.3

(a) Interaction of VSG]S] with mixed films of CHL:PE:SPH
1:1:1 mol ratio. 4 nmol of VSG was injected beneath the lipid
£i1m for a VSG:phospholipid mol ratio 1:4.5 and the force-
area curve was measured after 1 hr. The procedure used in
these experiments differs from that described in Fig. 6.2, in
that VS6 was added to the Tipid monolayer at an initial Tipid
surface area of 72 RZ instead of 92 R2. The initial surface
pressure (zero surface pressure) was identical for both

procedures.

{b) As in (a), except that cholesterol was replaced by

ergosterol.

Subphase pH 6.8.
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ERG:SPH:PE; whereas at the increased V56 concentration of 1:2:3

1ipid mole ratio, the identical = 1 Ve lue ot ' rl:-tln-'1 ulrée

critica
for the above respective systems falls within the range of the E"F
values at reduced VSG concentration. Changes in surface potential
the presence of VSG maintained the typical pattern described above
(Fig. 6.2). ©Ome possible interpretation of these results is that
adsorbs to the available surface area (AA) until a limiting surface
pressure is reached. However, it appears that an equilibrium betwess
adsorded ¥5G and that in the subphase may have to be considered, Sim
increasing the VSG concentration may lead to further displacement ¢

the v-A fsothernm.

6§.1.3 Effects of pH

The effects of pH on the compressibility of VS5G inserted into
1ipid monolayers were studied. In these experiments the antigen VS&
221 was injected beneath the lipid monolayer. The initial surface

1

pressure was raised to 4 mNm ' and the w-A isotherm obtained. This |

compared with the estimations from similar experiments performed at
near to zero surface pressure and reduced available surface area 7
per average of lipid molecules containing cholesterol and 85 to 80
absence of cholesterol (see Fig. 6.4)., The figure illustrates the €
pressibility characteristics in the presence and absence of CHL with
the subphase at pH 7. It is worth noting from these results that t
antigen appears to be slightly more active than VSG-151.

A in presence of CHL (CHL:PC:PE:SPH 1:1:1:1) as calculd

critical
from the figure inset was 18 = 1] mHm“1; and the calculated Equivalul

o
lipid surface area was 58 = EAE. In the absence of CHL these values

1

were 13* £+ 1 mNm~ ' and 69 + EEE respectively.

* this figure 1is the average value of three experiments.
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When V56-221 (isoelectric point 6.5:0.1) was injected |
pre-formed phospholipid monolayers with the subphase at pH 5.5, 3
remarkable difference in the above values was observed in the p
and absence of CHL (Fig. 6.5). In the presence of CHL the An. ;.o

1 for an area of 65 # 232 whereas the

1

value was about 17* &+ 1 mNm

calculated value in the absence of CHL was 10 = 2 mNm ~ for an area ¢

77 2 Z;z.
Studies with VSG-151 under identical conditions yielded qualita-
tively similar results. Quantitatively, however, there was a differen

in l'ﬁr1t1ca1 values at pH 5.5 and pH 7.0 in the presence of CHL.

1

; from pH 5.5 to 5.8 was 22 £ 1 mNm = at 2 surface area of

Feritica
61 = Ziz (average values of three experimens each) whilst from pH 6.0

: 1y (4
and 56 = 3A" respec-

to pH 7.0 the estimated values were 15 = 1 mhm
tively (average values of 5 experiments). In the absence of CHL the
changes in Ancritica] in the pH range (pH 5.5 to pH 7.0) were n&g]igibl’
the average calculated value being 12 = 2 mHm"].

When the mixture of phospholipids (PE-SPH-EYPC) was replaced by

EYPC, while maintaining the same ratio of CHL, similar displacements of
the =-A isotherm as those shown in Fig. 6.4 and 6.5 were observed at

pH 5.5. In the absence of CHL, however, at any point between pH 5.5 am
PH 8.0 An_. . o Was estimated to be 17 ¢ 1 mk ' (Fig. 6.5, inset).
Experiments carried out in the pH range 5.4 to 8.0, showed that the
displacement of the m-A curve, due to the low pH of the subphase was
maintained until pH 5.8 above uhich‘this became insignificant (not

shown).

*this figure is the average of three experiments.
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Fig. 6.4
Interaction of VSGZZ] with mixed films of phospholipid~

cholesterol. 3 nmol of VSG was injected beneath a 1ipid
film of PC:SPH:PE:cholesterol 1:1:1:1, for a VSG:
phospholipid mol ratioof 1:4.5. Force-area curve was deter-
mined as described in Fig. 6.3.

Subphase pH 7.

Force-area curves for (o) mixed lipid films and in ([3) presence

of VSG.

.
Surface potentials for (@) the mixed lipid film and after added
(m) VSG.
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6.1.4 Effect of ionic strength

The effects of change in ionic strength were studied either by
forming 1ipid monolayers on a subphase of fixed ionic strength, or
indirectly by exchahging the subphase of a pre-formed monciayer with
salt concentrations of varying ionic strength. The m-A curves of
these monolayers were determined in the presence and absence of VSG-151.
The components of the lipid system were PE-EYPC-CHL in a 1:1:1 molar
ratio on a subphase maintained at ionic strengths of 0.01, 0.079,

0.145 and 0.5 M with NaCl and KLl respectively (Fig. 6.5).

6.2 Effect of the detergemt sodium cholate on the phospholipid-

antigen interaction

Sodium cholate, a negatively charged detergent, has been shown
to cause the disaggregation of the dimeric forms of VSG-121 and VSG-221
thus allowing the formaticn of mcnomers [Auffret et al., 1981). In
the presence of sodium cnciate [1%, w/¥) *he cross-iinking of VSG by

b

dimethylsuberimidate was not observec. It has aisc beer sncwn that

n

in aqueous buffer proteins having many regions with hydrcpactic

detergent by having their hydrophobic sites bound to each other
(Knoppel et al., 1979). These proteins also have a higher affinity fcr
charged detergents than do water soluble proteins (Robinson & Tanfcrc,
1975). The fact that VSG-121 and VSG-221 respectively form cross-
Tinks has led to the assumption that in solution each exists as an
equilibrium mixture in which the dimeric form predominates (Auffre: &=
al., 1981). Hence it can be postulated that the low interaction
between VSG and phospholipids is a consequence of the presence ¢* 13z

iaiA
ol

monomers which are the only molecular forms able to adsorb tc e ~“:ci




Fig. 6.5

(a) V36221 was added to a lipid film of PE:PC:SPH:cholesterol
1:1:1:1 and force-area curves determined., The mol ratio of
VSG:phospholipid was 1:4.5, the initial surface pressure and

initial lipid surface area was as described in Fig. 6.3.

(b) Procedure was as in (a), except that cholesterol was

omitted in the 1ipid film.

Subphase pH 5.5,

Figure inset.

Changes in surface pressure (Aw) were determined from the force
area curves (see legend to Fig. 6.1).

(0) Phospholipids:cholesterol 1:1

()  Phospholipids only.

Similar curves were obtained for VSG:phospholipid mol ratio of 1:6.

Force-area curves for (o) mixed 1ipid films and in (O,4)

presence of VSG. Surface potentials are indicated in filled

symbols.
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monolayers. To verify this hypothesis, VSG was pre-incubated with
sodium cholate and the mixture added to the’mono]ayer. The displace-
ment of tne w-A curve was much iarger thangiﬁat observed for the same
ratio of EYPC/VSG151 in the absence of cholate (Fig. 6.6). The
AV--A curves also behaved similariy. Exchanging the subphase with
fresh buffer led to significant recuction in these isotherms, and
infact, after such treatment the z-A curves attained uniform stable
values. In comparison with the isctherms in Fig. 5.2, this was
equivalent to increasing the YS&~PT ratio to 2:3. Not surprisingly
cholate, a surface active detergent, capable of décreasing the

water surface tension, has beem found to interact with EYPC (Fig. 6.7).
The detergent could however, be removed from the phospholipid mono-
layer by extensive washing, momitored by the reduction of radicactive
cholate. A similar result w2s ocbtaimed with SPH, a phospholipid
which failed to interact with ¥S& even 3t very low surface pressure;

see Section (5.1.7). The removal of cnolzie from SPh wcnclayers

however, required a much larger volume of buffer than for EYPC.
Thus it is apparent from the m-A isotherm (Fig. 6.8) that even after

washing with 300 ml of buffer some cholate still remained inserted

into the SPH monolayer. It was only after a volume of 500 ml had been

used that the m-A isotherm was brought to the values observed in the
experiments with SPH alone. When the same amount of VSG151 was mixed

with various concentrations of cholate and then added to the SPH monc-
llayer, however, the Amycs was found to be dependent on the original

cholate concentration (Fig. 6.9). This suggests that in the preserce 3f VSG
chdlate-is not completely removed from SPH film even after a largz sciume of

buffer nas been exchanged. Evidence to support this co-oneratisz 2ffect is




Effect of incubating VSG with sodium cholate and then added to

a phbspho]ipid monolayer. 4 nmol of VSG in 0.5% sodium cholate

was injected beneath the phosphatidyl choline monolayer (14 nmol)
and after 1 hr of incubation (A) surface pressure and surface

potential were measured. Then, the monolayer was washed extensively

with 200 ml1 of fresh buffer and ([1) force-area curves and surface

potential were determined.

Subphase pH €.8.
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Fig. 6.7
1 mg of sodium cholate dissolved in the subphase buffer was
injected beneath the phosphatidyl choline monolayer. After 1 hr
of incubation the force-area curve was determined. The monolayer
was washed with ~ 300 ml of fresh buffer at approximately 20 mNm_]
and subsequently the force-area curve was measured.

(0) egg yolk phosphatidyl choline

() In presence of sodium cholate

(X) After washing

Subphase pH 6.8.
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illustrated in Fig. 6.10 where it is shown that neither the m-A nor
Av-A isotherm was affected after sucn extensive washing. Under the
experimental conditions used the concentration of VSG]S] was doubled

(8 nmole) while that of sodium cholate was maintained at the equivalent
of 7.25 M in the bulk phase. Jtmer experimental conditions are as
shown in Fig. 6.9.

Two main differences are ewident from the results of the above
experiments. First, the v-A amd r.-A isotherms of the pre-washed
monolayers remained very stable amd reproducible; whereas the m-A
jsotherm of the monolayers comtaiming double the concentration of
cholate was less stable. Secomdly, extensive washing of both mono-
layers resulted in very stable =-A and 1.~A isotherms. The order of
magnitude of the differences moted above are apparent from Figs. 6.9
and 6.10. These comparative effects were observed in the pH range 7.4
to 8.0. No experiments were attempted below the isoelectric point of

VSG]S}.

 6.2.1 Effect of sodium chclate om the cnoiastercl-antigen interaction

A similar effect to that already ncted for SPH and EYPC was

observed when cholesterol monaiayers were treated with cholate. The
m-A isotherm was however, less displaced than for the corresponding
SPH and EYPC results (Fig. 6.11). Extensive washing caused a shift in
the m-A isotherm to that found in the absence of cholate. The corres-
ponding changes in Av-A isotherm seemed to support this observation.
When VSG was incubated with equivaient amounts of cholate, and then
added to CHL films such large changes in surface pressure as those
Sbserved in EYPC~- or SPH-cholate isotherms were not detected. Furtner-

more, removal of cholate by washing from the CHL-VSG-cholate menclayers




160

Fig. 6.8

Effect of sodium cholate in sphingomyelin monolayers. To a preformed
sphingomyelin monolayer (18 nmol) 1 mg of sodium cholate dissolved

in the subphase buffer was added. Determination of surface pressure

and surface potential was carried out as described in Fig. 6.7.

Sphingomyelin alcne: (0) surface pressure and (®) surface potential.
Sphingomyelin plus cholate: ([]) surface pressure and (M) surface

potential.

Sphingomyelin-cholate after washing: (A) surface pressure and (A)

surface potential.

Subphase pH 6.8.
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Fig. 6.9
Effect of pre-incubating VSG with sodium cholate before adding to

the sphingomyelin monolayer. 4 nmol of VSG was pre-incubated with
1 mg of sodium chclate in aqueous buffer and then injected beneath
a sphingomyelin monolayer (17 nmol). Determination of surface
pressure, surface potential and other procedures are as described
in Fig. 6.8 and 6.7.

-

surface pressure  surface potentiz’

Sphingomyelin alone: (0) (0)
Sphingomyelin plus cholate-VSG: (B) (&)
After washing: (0O) (@)

Figure inset.

Similar experiments were carried out as described above except that
the concentration of VSG and sodium cholate were changed. Aw is
estimated from force-area curves after washing extensively the

monolayer.

(J) 4 nmol VSG in 0.5% (w/v) sodium cholate

(a) 4 nmol VSG in 0.25% (w/v) sodium cholate
(0) 8 nmol VSG in 0.25% (w/v) sodium cholate.
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Fig. 6.10

Interaction of VSG dissolved in a sodium cholate solution with
sphingomyelin monolayers. Determinations of surface pressure,
surface potential and removal of the detergent were carried out

as described in Fig. 6.9. 8 nmol of VSG in a solution of sodium
cholate of 0.25 {w/v)% or 0.58 umoles was added to a sphingomyelin

monolayer {18 mmol).

surface pressure surface

potential
Sphingomyelin alone: (0) (9)
Sphingomyelin-VSG-cholate: () (@)
After washing: (A) (d)

Subphase pH 6.8.
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did not significantly alter the final m-A isotherm from that obtained
in the absence of cholate (Fig. 6.11). That the changes in Av-A
isotherm may be taken as evidence for the ejection of cholate from
Tipid monolayers appears to be substantiated by the results of experi-

’
ments using radiolabelled {'4£}—cnolate as discussed in the following

section.

6.2.2 Use of the radiotracer [146}-cho]ate

The experiments described above indicate that VSG mixed with
cholate is readily inserted intc phospholipid monolayers at an enhanced
rate compared to the interacticn occurring in the abgence of cholate.
The presence of cholate, nomever, appears to be unnecessary for the
interaction of VSG with cholesterol. These observations were further
investigated using radioizbelied [}4C}-cholate (specific activity
52.6 Ci/mole). 4 1Ci of radiclaselled {'%C]-cholate was injected
beneath monolayers composed of CHL and EYPC respectively, with an
initial surface pressure of 5 = 0.5 mNm']. Changes in Ar values and
radioactivity were then recorded continuously for 1 hr. From the
results (Fig. 6.12) some observations can be made on the bahaviour of
the two systems (i.e. CHL and EYPC): (a) the EYPC system became
stabilised after 20 minutes, changes in Am after this period remained
uniform. The average radioactivity after 20 minutes was 200 = 50 cps;
(b) in contrast, changes in Am for the cholesterol monoiayers were
variable for the first 30 minutes but stabilised thereafter. The mean

radiocactivity was 20 = 10 cps.

Under similar experimental conditions, VSG was injected beneatr

with radiolabelled []4C]~ch0]ate. The results (Fig. 6.12) were zZzzined




Fig. 6.11

Interaction of VSG previously dissolved in scdium cholate with
cholesterol monolayers. The procedures of incubation, and washing
of the monolayer are essentially the same as described in Fig. 6.7.
4 nmol of VYSG in 0.5% sodium cholate (1.1 umol) was injected
beneath a cholesterol monolayer (25 nmol), and after 1 hr

surface pressure and surface potential were determined.

Surface pressure  Surface potential

Cholesterol alone (0) (8)
Cholesterol-VSG-cholate (A) (A)
After washing | () ()

Subphase pH 6.8.
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with initial conditions of 130 cps radicactivity (76 nmoles []463-
cholate), and 5 mNm-] surface pressure before the injection of VSG.
V3G showed a slow rate of penetration into monolayers; and a slight
reduction in surface radioactivity was also observed. In cholesterol

1 had the etfect of

monolayers an initial surface pressure of 5 mNm
reducing the increase of surface radioactivity. It was also evident
that the rate of penetration by ¥SG was significantly higher than that
observed for EYPC films; but as is shown below, this was still far less
than that observed when the experiments were performed in the absence
of cholate.

Control experiments showed that a similar concentration of [14C]—
cholate attained a surface equilibrium (140 * 10 cps) after 30 minutes.
Changes in surface area did not affect this value. Equally, there were
no appreciable changes in surface tension, a maximum value of 2 mNmml
being observed. The addition of VSG to the system led to a reduction
in surface radioactivity (90 + 10 cps), but caused no observable change
in the surface tension. Decreasing the surface area, however, caused
an increase in the surface pressure and a reduction in surface radio-
activity. Presumably the presence of chemical groups such as polar
groups and hydrocarbon chains in the lipids at the air-water interface
provides stabilising conditions for cholate to remain strongly adsorbed.

Force-area curves and radioactivity curves for cholesterol and
EYPC in the presence of cholate, and cholate plus VSG respectively, are
shown in Fig. 6.13. It is worth pointing out the following from these
results: (a) at large surface area or low surface pressure cholate is
inserted into EYPC monolayers but an increase in surface pressure

caused it to be progressively ejected. This process was very significant

with surface pressures above 20 mNm_]. The addition of \ISG]51 at low




surface pressure caused a reauction in syrface radiocactivity.
Washing with a trough volume {100 mi} of non-radioactive buffer,
similarly caused a drastic reduction in surface radioactivity. Since
‘the m-A curve remained unaltered, nowever, it can be concluded that
VSG was not the monolayer compoeent being removed in that process;
(b) in contrast, the interaction of cholate with cholesterol was
markedly different from its iateraction with EYPC. -Even at a surface
pressure lower than that observeac for EYPC alone, the surface radic-
activity of a cholesterol monoiayer was about three times less than
that recorded for EYPC. In addition, increasing the surface pressure
to about 20 mNm_] caused a2 drop in the surface radioactivity to a
level equivalent to that cbserved after washing the monolayer. Uhen
the cholesterol monolzyer was removed the surface radioactivity
increased to values 6f 85 = 10 cps. The addition of VSG to a cholesterol
144

monolayer in the preserce cof [ 'C]-cholate, however, did not appear to

have any marked effect on surface radioactivity.

6.2.3 Incubation of VSG and []4C]-cho]ate before adding it to a lipid

monolayer

The experiments described above demonstrated the effects of 0.76 uM
[]46]—cho1ate on the interaction of VSG with lipids. To enhance this
interaction, however, VSG was pre-incubated with radiolabelled []4C3—
cholate (0.67 mM) for 15 minutes at room temperature, and the mixture
then added beneath the lipid film (Fig.6.14). When the pre-incubated
VSG-cholate mixture was added to a cholesterol monolayer, the behavicur
of the system was markedly different from that of a system composec c*
cholate and cholesterol only. There was a high initial surface rzcic-

activity for the first 10 minutes followed by a steady decline AASE




Fig. 6.12

Interaction of []4C}cholate with phosphatidyl choline monolayers
and cholesterol monolayers was determined using the film penetra-
tion technique. 77 nmoles of []4C]ch0]ate was injected beneath

the lipid film at an initial surface pressure of 5 mNm"].

Changes
in surface pressure and surface radiocactivity were recorded for
1 hr. Subsequently 7.5 nmol of VSG was injected beneath this film
and the procedure was as above. The subphase was continuously

stirred.

(a) Phosphatidyl choline monolayer:

surface pressure surface radio-

activity
EYPC—[]4C]sodium cholate: (0) ()
After added VSG (A) (4)
(b) Cholesterol monolayer
_Cholestero]-[T4C}cholate: (A) (4)
After added VSG: (a) (M)

Subphase pH 6.8.
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Fig. 6.13

Interaction of [lgt}cholate with phosphatidyl choline rmconcizyer

(i}

and cholesterol aoncliayers was estimated using force-arez zurves.
77 nmoles of []4C}cho]ate was added to a lipid film at near to zer:
surface pressure and after 1 hr force-area curves were determired.
VSG was added to this 1ipid—[14C]cholate monolayer and force-area

curves were measured after 1 hr.

(a) Phosphatidyl choline (14 nmol)

Surface pressure  Surface raaic-

activity
Phosphatidyl choline: (0)
Phosphatidyl cho]ine—[]4C]cho1ate: () (9)
After added VSG: (n) (&)
(b) Cholesterol (30 nmol)
Cholesterol: (0)
Choiesterol—[]4C]cholate: (A) )
In presenée of VSG: () ()

Subphase pH 6.8.
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the counting rate dropped to background levels (50 = 10 cps). Changes
in surface pressure parallel those cbserved in the penetration of
cholesterol monolayers by ¥S& {Fig. 6.16a).

Corresponding experiments with EYPC monolayers revealed that when

1

the total surface pressure {&r + 7 had a value of abcut 10 mNm ',

initial)
radiolabelled cholate began to be squeezed out of the monolayer. The
total surface pressure aftar 60 minutes incubation however, was much
Tower than that observed in experiments using non-radioactive (“coid”:
cholate (Fig. 6.6). When the szze concentration of VSG (4 nmoles) and
a higher concentration of radiciabelled cholate (1.58 mM) were treatec
as above a similar value of zo:z] surface pressure (9 = 1 mNm-]) was
recorded. The surface ragisactivity however, increased to 170 + 20 cps
as against a value of 7C = 15 cos recordéd for cholesterol monolayers
under similar conditions. The radioactivity of the bulk phase
increased to 40 + 10 cps in contrast to a value of 10 cps obtained

when the experiments were performed in the preéence of 76 nmoles [14C]~
cholate. The force-area curves and radioactivity-area plots of the
results from the above experiments are shown in Fig. 6.15.

These results show the relation of surface radioactivity between
monolayers of cholesterol and phosphatidylcholine after adding a
mixture of [146]—cho]ate and ¥SG. Surface radioactivity values for
EYPC films are clearly higher than those determined for cholesterol
film. The surface radioactivity was compared within the range of 4 to
20 mN/m. These results taken together with those illustrated in Fig.
6.13 can be interpreted to suggest that cholate binds to VSG; this
would explain the relatively high incorporation of cholate into cnzlz=z-

terol monolayers. The plot of radioactivity versus Tiotal (Fig. £.°




Interaction of lipid monolayers with VSG mixed previously with
radio-labelled cholate was measured using the film penetration
technique. The difference between these experiments and those
described in Fig. 6.12 is the order of addition of VSG and the
radioactive detergent. In these experiments VSG and []4C]ch01ate
were previously incubated and then added to the Tipid fiim. The

experimental conditions were as described in Fig. 6.12.

Cholesterol (30 nmoles) surface pressure surface radic-
activity
4 nmoles of VSG-76 nmoles of [14C]cho1ate (0) (0O)

phosphatidyl choline (15 nmoles)
4 nmoles of VSG-76 nmoles of []4C]ch01ate () (A)

Subphase pH 6.8.

Legend for Fig. 6.15.a on page 200
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equally suggests that even at nearly zero surface pressure ['4C]-

cholate could partially penetrate tne cholesterol monclayer.

6.3 Penetration of lipid monciayer by VSG at constant sdirface area

Studies of the interactiom of ¥SG with Tipids at constant surface

1 were carried cut in a

area and an initial surface pressure of 5 mNm
small circular trough. Other experimental details were as descrized in
Fig. 6.16. The magnitude of the 1ipid-VSG interaction was depencent on
the Tipid composition rather trhan on its physical state.

Antigen was injected beneatn the lipid film, and changes in Am were
then recorded for 60 minutes. Figure 6.16a shows a plot of Am versus
time for both cholesterol anc B?PPC mono]é&ers. In the cholesterol system
Am increases very rapidly during the first 20 minutes and then tends
towards an asymptote. Prosgholipids on the other hand, behaved differently
and showed a pattern characteristic of that for DPPC in which Am increases
slowly to reach a value approximately one third of that obtained for
cholesterol (Fig. 6.16a). These &7 values for DPPC remained at 1.8 4
0.8 mNm-] even when the concentration of VSG was raised by four times the
amount used in cholesterol monolayers.

The Am values observed for phospholipids were independent of the
thermotropic transition temperature (Tc) for these 1ipids. Hence at the
experimental (room) temperature the values of Am obtained for DMPC (Tc
24°C), DSPC (Tc 54°C), DPPC (Tc 41°C) were indistinguishable from those
for DLPC (Tc -T.BOC) EYPC (Tc -15°C) and SPC (Tc <20°C). At room temperz-
ture DSPC and DPPC form condensed monolayers in comparison with DM-CZ,
DLPC, EYPC and SPC which form expanded films. On interaction with ¥32
both groups of lipids show an increase in A7 values whose averzze 3s 1.: -

1

1.1 mNm™' (Fig. 6.16b).
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Fig. 6.15a
Interaction of VSG& (previously mixed with []4C]cho1ate) and lipid

monolayers estimated from force-area curves. 4 nmol of VSG was
incubated with 76 nmol of radio-labelled cholate and injected

into the subphase of the 1ipid film either with cholesterol or
phosphatidyl choline at zero surface pressure. After 1 hr the

force-area isotherm and surface radioactivity were determined.

Cholestercl {30 nmol) surface pressure surface radio-
_ activity
vs-[1#c]cholate () (8)

Phosphatidyl choline (15 nmol)

vse-1 *cicholate {m) (W)

Subphase pH 6.8.

(on page 198).
Fig. 6.15b o _ i —

Relation amongst surface radioactivity, surface pressure and lipic

class for []4C]cho1ate mixed with VSG. The values for surface radic-
activity and surface pressure were taken from the results describec
in Fig. 6.15a.

Phosphatidyl choline (0)

Cholesterol (A).
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A further characterisation of the interaction of VSG with
cholesterol and EYPC was attempted using penetration experiments.
These were pérformed at the initial surface pressure of 5 mﬁm'] at
which EYPC and other short chain phosphatidylcholine have been reported
to form monolayers .existing in tne liquid expanded, rather than the

gaseous state (Phillips et ai., 1973). Various subphase concentrations

of VSG 151 were obtained by injecting the appropriate amount of ¥SG
beneath the 1ipid monolayer film. The resulting Am was then recorced
for 60 minutes.

A plot of ax versus YSG concentration reveals an apparent satura-
tion effect, in which tne surface pressure tends towards an asymptote
with increasing amounts of antigen. It can be seen that in cholesterol
monolayers, relatively small amounts of VSG are able to produce signifi-
cant changes in the surface pressure, but in phospholipid monolayers
this effect was less apparent (Fig. 6.17a). From these results, various
ranges of VSG concentration were established. These caused different
changes of surface pressure according to the 1lipid class. Generally, it
was observed that a large increase in AT was always associated with the
cholesterol monolayers.

| Direct assessment of the extent of the interaction was made using
the Capacity for Film Penetration (CFP) method of Pethica (Pethica,
1955). This aufhor first employed the technique to quantify the pene-
tration of 1lipid films by detergents. Later, Camejo applied it to the
interaction of HDL-apoprotein in Tipid film monolayers (Camejo et al.,
1968). In this type of analysis, the refationship between the molar
ratio of antigen and Aﬂeq may be transformed into a linear form using

the Langmuir equation:

m
R

Use - VYar (1 + Kg) =
eq max




Fig. 6.16

Penetration of lipid monolayers by VSG.
0.5 nmol of VSG was injected beneath 1ipid films at
constant surface area and at an initial surface
pressure of 5 mN/m. The rate of penetration measured

in changes of surface pressure was recorded continuously

for 1 hr.

(a)
Cholesterol (0)

Dipalmitoy]l phosphatidyl choline (Aa).

(b)
The rate of penetration for the 1ipids indicated in

this figure was taken at 60 min. The procedure was

as described in (a).

The subphase at pH 6.8 was stirred continuously.
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where Aﬂm is the maximum increase in surface pressure, C is the concen-

ax
tration of protgin, i.e. antigen, in the bulk phase, and Lfeq is the
value measured for each antigen concentration when equilibrium is
reached. The plot of ]/&?eq versus /¢ for cholesterol and ZYPC are
shown in Fig. 6.17b). The slope of the straight line was determined by
linear regression analyses. The reciprocal of the slope obtainec
(Aﬂmax/K) was used as a measure of tne capacity for film penetration
(CFP). The values of CFP for ¥SG 131 estimated for cholesterol and EYPC

1

monolayers were 1000 = 43 and 42 = 28 mNm_ mmol']l, respectively.

6.3.1 Penetration by ¥S& 6 mixed film of phospholipid-cholesterol

\
with excess of cholesterol

The mechanism propesed for Lateral Phase Separation in Tipid mono-
layers has suggested the cholesteroi-phospholipid interaction to be
dependent on the ratio of pacsoholipid to cholesterol in the system.

It has been postulated that tne forwmation of cholesterol-phospholipid
complexes of fixed stocichiometry woulc lead tc one of tne components

. -— . -
i

forming a separate phase {Tajiima & Gersnfeid, i57%,. The isciztion,

(8 &)
[£1]

from human erythrocyte membranes, of band 3 proteins naving a nigh
affinity for cholestero! {Klappauf & Schubert, 1977) provided an czcor- .
tunity to test this hypothesis. Band 3 proteins penetrated mixed mcnc-
layers of EYPC-cholesterol and the rate of penetration was enhancez zs
the concentration of excess cholesterol was increased. These res.’zs
have lent support to the existence of 2:1 and 1:2 stoichiometrics =f
cholesterol-EYPC (Schubert & Marie, 1982). These data do not ars.-2
against the formation of other complexes (i.e. 1:1) which have c-ze-
reported by other authors (Gershfeld, 1978; Cadenhead & Muliler _z-zz.,

1979).




Fig. 6.17

(a) Monolayers of egg yolk phosphatidyl choline and
cholesterol were spread at the air-water interface.
Various concentrations of VSG were injected beneath
these monolayers at constant surface area and at an
initial surface pressure of 5 mN/m. Changes in surface
pressure were recorded for 1 hr and are the values

plotted. Subphase pH 6.8.

(b) The reciprocal of the Am values are plotted

against the reciprocal of the VSG concentrations, the

values were taken from (a).
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In the present studies, film penetration experiments were developed
to test if VSG would bind cholesterol through a mechanism of Lateral
Phase Separation as described zbove. The results are summarised in
Fig. 6.18. A fixed concentration of VSG]S] was gsed. After 30 minutes
incubation it was observed that almost 85% penetraticn had occurred
(Fig. 6.16a). The positive experiment control consisted of the penetra-
tion of pure films of cholestercl by identical quantities of VSG (Fig.
6.16).

It is evident from these results that VSG interacts with cholesterol
in a mixed monolayer composed of cholesterol-DPPC, and that such an
interaction is pH-independent. When the DPPC in the system was replaced
with EYPC, however, the results indicate that the rate of penetration
is not affected by changins tnhe ratio of EYPC to cholesterol. In EYPC
monolayers VSG]S] produced an increase in 4% values pf the order of
4.4 mNm']; whereas in mixed monsolayers composed of EYPC and various
molar ratios of cholesterol (EYPC:CHL, 1:7; 1:2; 1:3) the Am values

(4.4 £ 0.8 mN/m) were significantly identical.

6.4 Effect of electrolytes on the interaction between VSG and phospho-

Calcium ions (Ca2+) bind strongly to negatively charged lipids
(Hauser & Phillips, 1979). The binding to uncharged phospho]ipi@s,
however, is negligible unless an acidic phospholipid is present (Quinn
& Dawson, 1972). This binding to monolayers has been correlated with
an increase in surface potential (AV), and surface radioactivity respec-
tively (Hauser & Dawson, 1967; Colacicco & Basu, 1978). It has also
been shown that protein conformations can be altered through interaction

with inorganic cations (e.qg. Na+, K+, M92+, Ca2+), small organic
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Fig. 6.18
Film panatraticn axperiments were carried out with nized

flm of DPPC cnzlessera]l and EYPC/cholestera) Tn the small
circular Crosoh, A goscentration of V56 (64 pmol) was
injectad corate these lipid films at am inkial surfece
prass.rs =F 5 ‘l'--:. other conditions were as described in
Fig. €.17. Tre welues of 1ipid composition are i mol ratio,

4
§=2 == gm welies 2@ indicated in brackets.
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cations, or interaction with anicas {see Williams, 1979). Proteins

with a high content of charged zzino acid residues are particularly
susceptible to this type of interaction. Hence Concanavalin A folds

in the absence of calcium ioms; whereas pervalbumins (from fish muscles)
trofonin C bind metal ions to external protein Toops (Williams, 1979).

The effects of electrolytes on the interaction between phosphatidyl-
ethanolamine monolayers and VSGISI were studied by assessing any changes
in m-A and AV-A curves both in the presence and absence of these ions.
Similar concentrations {145 wM} of KC1 and NaCl respectively were used,
whereas the concentration of calcium ions (as CaC]z) varied between
0.01 to 2 mM.

The results froa these experiments show that the presence of electro-
lytes such as K+, Caz+ and 1 iors did not produce any significant
changes in either the —-A or :V-A curves. These observations are 1in
agreement with the results discussed earlier (Chapter 5, Fig. 5.6).

It is also evident that the presence of Ca2+ ions did not significantly
alter the m-A curves in PE monolayer alone, or during its interaction
with VSG. Experiments cn the effects of ions on compressibility were
carried out in the pH range 5.6 to 7 in the presence of KC1. Again, no
changes in the displacement of m-A curves were observed. Similarly,
curves of Eurface dipole moment ( u1) versus area from these experiments

failed to show any significant differences in the presence and absence

of calcium jons (Fig. 6.19).

6.5 Quantitative estimation of VSG bound to lipid monolayers

The studies described above have shown that VSG interacts with
Tipid monolayers and that the nature of this interaction depends on the

Tipid composition of the system. Quantitative estimations of the number
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27 VSG molecules inserted into lipid monolayers have already been des-
cribed in Chapter 5. These calcuiations, however, have been based on
such physical parameters as surface pressure, surface area per lipid
molecule, and the concentraticm of ¥S6 in the Subphase respectively.
These are indirect methods of estimation and the figures obtained can
only be considered to be apsroximate values.

The initial step in the process of penetration of lipid monolayers
by proteins is the adsorption of the latter to the water-1ipid inter-
face (Papahadjopoulos, 1675;. {hanges in the surface potential of the
monolayer could therefore, e used tc follow this process. However, a
quantitative evaluation using this parameter is not easily accomplished
(Section 5.4.6). Therefore, the zpplication of other methods to
estimate quantitatively the amount of YSG adsorbed to lipid monolayers

is necessary.

6.5.1 Direct estimation of adsorbed ¥SG&

Protein determination was esmployed to estimate the amount of VSG
adsorbed by 1ipid monolayers. The modified Lowry protein determination
method was adopted kColacicco, 1969). Mixed monolayers of EYPC:PE:
Cholesterol (1:1:22 were prepared and the antigen added beneath the
lipid monolayer with the bulk phase maintained at pH 6.8. After one
hour, samples (2 mls) containing the monolayer were collected as pre-
viously described (Section 4.10.3) and the protein content determined.

The results from these studies were, however, not satisfactory and
showed significant variations in the estimated amount of VSG adsorbed
Aeven for the same samples under identical conditions. The values of
adsorbed protein ranged from 0 to 50% (w/w), as a percentage of that

originally added to the monolayers.



These discrepancies probably arose because the amount of protein
falls below the range of sensi<ivity (2 ug) detectable by this method.
For similar reasons this metrod could not be used to follow the reduc-
tion in protein concentration in the bulk solution (Calacicco, 1969;

Phillips & Sparks, 1980).

6.5.2 Indirect estimatisn of adsorbed VSG

Experiments in whcin radio-labelled []251] VSG was added into the
subphase solution of a lipid monolayer, and radioactivity of the solutior
was determined against :time of incubation were carried out. Results
from these experiments showed a significant non-specific adsorption to
the trough surface. Changes in surface pressure of the 1ipid monolayer
were higher than those expected far a very low concentration of VSG
(10 pg ml_]). Therefore the interference of BSA in the binding of VSG
to the Tipid film is inferred. BSA is added to the labelled VSG solution
to protect it against non-specific adsorption and structural damage,
it is discussed below.

These results suggest that the introduction of even small quantities
of new components into the system produce significant alterations. Thus
it appearedxyhat more promising results might be obtained by the use of
a radioihmuﬂgassay technique (RIA) since this would permit the analysis
of components present in very low concentrations (nanogram quantities)
within the system. Reproducibility in this highly sensitive technique,
however, has been known to be subject to the methodology employed.

The ‘'coated tube' method was adopted in these studies. Details
have been given in the Materials and Methods Section. Under the experi-
mental conditions used a minimum concentration of 78 ng/ml could be

measured. The quantitative approach employed using the RIA technique,




was to compare the amount of each sample to produce 50% inhibition of
antibody binding with the amount of unlabelled VSG needed to achieve
50% of inhibition of binding of {EZSI] VSG to specific antibody in a
standard RIA (Fig. 6.20). Thus tne sample was diluted several times
and the dilution points plotted, thereby generating a sample curve.

The standard concentration whicn produced 50% inhibition of the tracer
binding was multiplied by tre cili.tion factor of the sample which gave
a similar value. The values thus cbtained (micrograms/ml) were assumed
to represent the concentration of ¥SG in the subphase after the incuba-
tion time. This plot of the ¥SG concentration versus incubation time
in the presence and absence of cholesterol in the monolayer is shown in
Fig. 6.21. It is evident from tnese results that the adsorption of VSG
to cholesterol monolayers cannot te differentiated from its non-specific

adsorption to both the tefion surfzce and the air-water interface.

125

©.5.3 Adsorption of radio-iabelled [ ""I]-VSG to 1ipid monolayers:

direct estimation

The radio-labelling of the antigen used in these experiments was
performed as previously described (Section 4), with the modification
that BSA was not added to the final radiolabelled solution. The physical

]ZSI] VSG in absence of BSA has to be examined

properties\gf labelled [
whereas BSAﬁin solution of radiolabelled proteins has demonstrated the
following functions:

(a) to stabilise the concentration of the protein solution since
at the low concentrations involved losses due to nonspecific adsorption
to container walls become substantial;

(b) to protect the proteins from denaturation resulting from

unfolding at the air-water interface; and finally,
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(c) as a diluent to reduce the radiation emitted from labelled
proteins (Chard, 1978, Chapter 3; Clooper, 1977, Chapter 8).

The labelled antigen in tire absence of BSA is Tiable to all the
1osses mentioned above. The antigen was checked for possible damage
due to iodination, first 5y observing its specific binding to antibody
Tinked to Sepharose 4-B; and secondly, by counting the radicactivity
present in a TCA precipitzte 3s described in the Materials and Methods
section. The problem due o momspecific adsorption to plastic tubes
was resolved by collecting sampies into glass containers. Non-radio-
labelled VSG was added tc give a final concentration of 100 Mg/ml.
Although this raised *re tctal ¥SG concentration (non-labelled plus
labelled VSG), the smail wolume of the solution (15 to 30 nl) added
beneath 1ipid films contaimed insufficient VSG to saturate even a
cholesterol monolayer.

2511_ysG to antibody fixed

Analysis of the specific binding cf {3
to Sepharose 4-B showed the bimding to be 55-70%. This corresponds to
the results obtained when ¥S& containing BSA in solution was similarly
analysed . Non-specific 5inding was corrected for by using antibody
against mice‘erythrocytes fixed to Sepharose 4-B. ﬂzﬁj VSG was incubated
with the.non—specific antibody linked to Sepharose 4-B, for 16 hours at
4°C. The suspension was centrifuged and the radioactivity of VSG bound é
to Sepharose 4-B determined [see Section 4.4). The values thus obtained
were within the range Qf’4 tc 15% binding. This peréentage of binding
is the resultant value after dividing the radioactivity of the pellet
by the initial total radioactivity per sample. A more detailed analysis

of specific binding is shown in Fig. 6.22 from which it is evident that

the binding of radic-labelled antigen to specific antibody is inhibited




Fig. 6.21

Changes of the cz-zantration of VSG in the presence or absence
of a cholestera? monolayer. These values were calculated from
radioimmunoasszy zeterminations.

2.5 ug/mt inizial concentration of VSG.

(8) cholesze—al monolayer
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by increasing the concentraicn of ron-radiolabelled VSG; thus suggesting
that both forms of the antigen are competing for the same binding site.
The structural integrity of the amtigen molecule was checked using poly-
acrylamide gels and the mclecular weight so determined was in agreement
with that of native antigen.

It is concluded from the above results that the antigenic deter-
minant site of the YSG molecule is not affected by the incorporation of
jodine.

Under the labelling comditions used the incorporation of ]ZSIodine
was limited to 0.22 iccime atoms per molecule of VSG (302 Ci/mol).
Another reason for liziting the amount of }251 incorporated into the
protein was to avoid the undesirable "decay catastrophe" effect due to
the disruption of a molecule Searing an iodine atom by a neighboufing
decaying iodine atom {Chard, Ch. 3, 1878). If the incorporation was
reduced to about 0.01 icdine atom per molecuie of VSG (19.7 Ci/mol),
the radioactivity of molecules adscrbed to the lipid monolayers could
not be distinguished froz taat of the bulk solution. Radiolabelled
VSG prepared and stored in the absence of BSA must be used within one
week of preparation.

The adsorption of {]2511-75615] to 1ipid monolayers was studied
using a diffusion method. A volume of 15 11 of radio-labelled VSG
containing a total of 4.5 x 306 CPX was injected beneath a pre-formed
1ipid monolayer while stirring the subphase. The mixture was then
incubated at room temperature for exactly one hour. The lipid monolayer
was collected by aspiration through a glass capillary connected to a
graduated 5 ml-container. The tip of the glass capillary was held at
one end of the trough just touching the water surface whilst the mono-

layer was compressed and aspirated (see Section 4.10.3).
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Fig. 6.22
Specific bindins of ?SG]51 to specific antibody Tlinked to
Sepharose 4-%. ‘iarious concentrations of non radio-

Tabelled V33 z72 5 .1 of radioactive ]25I-VSG (approx.

14 x 127 27 were incubated with 10 41 of the antibody-
Sephzrzsz 42 fo- a final volume of 50 ul.

of "ZE'I—VSG]51 to specific antibody Tinked
tc Zzzmzrise 1-3. Various concentrations of non-
rzzicizoelisd VSG and a fixed amount of radioactive ]251—

¥S3 Tapproximately 14 x 103 CPM) were incubated with 10 yl

*
ct

ne specific antibody linked to Sepharosz 4-B, final
volume 50 p1. After 2 hrs of incubation at 30°C the
samples were centrifuged and washed with buffer. The
pellet radioactivity was counted and divided by the initial

radioactivity.
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Similar samples from the subpkase were simultaneously collected.
The latter served as a basis for the correction for the free labelled
antigen that is unattached Tz <7e lipid film. It was found necessary
to exchange 100 ml of the radioactive solution with fresh non-radicactive
buffer since the high contsnt of radioactivity in the bulk solution
rendered an accurate determination of radioactivity incorporated into
the monolayer extremely difficult. By this procedure the amount of
radioactivity in the bulk solution was reduced by 80%.

]251]—VSG to lipid monolayers com-

Studies of the aéscrption of |
prising three classes of lipids were undertaken. The 1ipids chosen are
sphingomyelin, cholesterol and dimyristoyl phosphatidylcholine. The
results are shown in Table 1.

The percentage of adsersiion for the same lipid monolayer was

determined to within 2 12% error margin.

Adsorption of {iégij-VSS to cholesterol monolayers, as calculated

either by percentage of adsorbed radioactivity or by net radioactivity

are not significantly different from those of DMPC. Similar studies

with mixed monolayers composed of DMPC and cholesterol gave values that
were practically identical to the above. The observed increase in

surface pressure foilowing the addition of radiolabelled VSG to cholestero]
monolayers indicates adsorption and penetration by VSG.

Studies similar to those described above showed that for two mixed
monolayers, one composed of cholesterol and Filipin, and the other of
cholesterol and cytochrome c, the values of adsorption were 2 and 3 times
higher than those obtained for cholesterol alone. These results suggest
that there is a positive cooperative effect due to the non-specific
interaction of VSG with the components of the two systems. The process

of VSG adsorption to these mixed monolayers is complex. It is not possible
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Table 6.1  Adsorption of VSG to lipd monolayers

Lipids Additives Molas ratio % Adsorption am
~iipid/additive) (Radioactivity (nM/m)
CPM)
Dmpc - 0.6° 0
DMPC cholesteros 1:1 0.4° -0.5
Cholesterol  cytochrome ¢ 15:1 I,Zb +3
Cholesterol  filipin 3:2 0.76 £ 0.1 -2
Cholesterol - - 0.4 + 0.04 +5.5
SPH - - 2P -1
spH? - - 0.16° -1.3

Percentage adsorption was calculated as the radicactivity collected from
the monolayer divided ty tne initial total radiocactivity added. The
radioactivity of the monolayer was corrected for background by substrac-
ting the value obtained for tne subphase without a monolayer film.
Cholesterol, sphingomyelin [SPH} and dimyristoyl phosphatidyl choline
(DMPC) monolayers were fcrmed at the air-water interface with 24, 12 and
12 nmole respectively. Mixed monolayers were formed by spreading the
previously mixed lipid solution. Mixed DMPC-cholesterol films were
formed at equimolar ratios (12 nmole each). To form mixed cholesterol-
filipin films cholesterol (24 nmole) was first spread, and subsequently
filipin (16 nmole) was added beneath it. Mixed cytochrome c-cholesterol
monolayers were formed by adding cytochrome ¢ (16 nmole) beneath the
pre-formed cholesterol monolayer {24 nmole) and allowed to equilibrate
for 1 hour. To each 1ipid monolayer a fixed volume of 15 ul of a []2511
VSG solution containing 40 ng/=1 of VSG with a total radioactivity of
4.5 x 10° CPM was added. The radio-iodination method used produced an
incorporation of 0.22 molecules iodine per molecule of VSG. Other con-
ditions are described in the text. The change in surface pressure (Am)
is the difference between the final surface pressure and the initial
pressure (5 nM/m—]). The radioactive buffer subphase was exchanged with
160 m1 of non-radioactive buffer (pH 6.8) and then the monolayer was
collected by aspiration (Section 6.5.3).

a Monolayer collected without exchanging the subphase.
b Mean square deviation was not determined because of the small number

of determinations (n = 3).
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to deduce from the present data whether the high values of adsorption
of VSG occur by cooperative interaction with cytochrome c. Cytochrome
¢ interacts with phosphoiipids by 2 combination of electrostatic and
hydrophobic forces. Initizlly it binds the polar head groups and subse-
quently penetrates partialiy the 1ipid bilayer (Papahadjopoulos, 1977).
Then, the hydrophilic part of the mclecule must be exposed to the
aqueous medium and may interact with charged groups of VSG. Other
types of non-specific interactioms however, can occur where the surface
area of the cholesteroi memelayver was expanded approximately 2 times
by cytochrome ¢ to keep the surface pressure constant. Although judging
by the changes in surface pressure VSG penetrates this mixed film com-
posed of cholesterol and cytochrome c. Positive cooperativity as
observed above has been described for other systems (Ketis & Grant, 1982;
Eytan, 1982). Thus the binding of Concanavalin A to liposomes containing
a Concanavalin A receptor is emhanced when the reconstituted liposomes
were previously coated with 35A {Ketis & Grant, 1982). |

On the other hand results for sphingomyelin monolayers show these
to have the highest values of adsorption for VSG. This process was
however, not preceded by insertion of YSG in the lipid film. In Section
5.5 it was discussed that sphingomyelin by forming hydrogen bonds with
VSG could obstruct the penetration’of the lipid monolayer. Is that
process inducing any orientation of VSG molecules as to produce a positive
cooperativity between VSG molecules?

The answer to this question cannot be provided with only these
results. It would be necessary to study if sphingomyelin mixed with
phosphatidylcholine or cholesterol can affect the adsorption of such
amounts of VSG. Studies of binding of VSG to liposomes containing

sphingomyelin could contribute to c]arify these results.



6.6 Discussion

The presence of VSG in monclayers of mixed phospho]ipids displaced
tﬁe lipid m-A isotherm in & similar way to those for monolayer of each
component of the mixture. Changzes in critical surface pressure
(Aﬂcritical) can be 1nterp}eted as partial penetration of these mixed
films of VSG.

Am values were dependent on the initial surface pressure,

critical
and for 5 mN/m it was reduced tc values near to zero. Below 5 mN/m
Aﬂcritica] showed maximum values. The presence of cholesterol in these
mixtures (PE/EYPC/SPH} at neutral pH gave results similar to those for
the phospholipids (Fig. €.2j. From the previous sections there is seen
to be a certain degree of chemical recognition at the interface, as

well as an energetic barrier that VSG has to surmount, thus phospholipid
monolayers even at near zero surface pressure restrict the insertion of
VSG into the interface. Expanding the available surface area of the

monolayer brought about an increase in the Am values (Fig. 6.4a).

critical
A“critical values were different for monolayers of mixed phosphoTipids
(PE/EYPC/SHP) at pHs ranging from 5.4 to 5.8 only when cholesterol was
present. AT ritical values above pH 6.0 were similar for mixed phospho-
lipids and in presence of cholesterol. Interestingly, substituting

the mixture of phospholipids by egg yolk phosphatidyl choline abolished

this difference in Aw at different pH values regardless of the

critical
presence of cholesterol, although the m-A isotherms were displaced
significantly at pH values below 5.8 and in presence of cholesterol.
This result may be interpreted that the mixture of PE/EYPC/SPH does not
form stable monolayers. It has been demonstrated that spingomyelin

and EYPC do not form homogenous ideal mixtures below 20°C (Untracht &



Shipley, 1977). In an early section it was demonstrated that VSG does
not interact with a spingozyelin =monolayer (Section 5.1). Therefore it
may be that VSG penetrates certain areas of the monolayer rendering it
unestable. At pH 5.4 VSG could mave a conformation which is more likely
to interact with cholesterol ir the phospholipid cholesterol film.
Similar results in film penetration experiments, have been obtained for
expectrin. This molecuie snowed a jarger rate of penetration at pH 3.5
than at neutral pH (Julianc et al., 1971).

The weak interaction >etweea ¥SG and phospholipid monolayers
appears to be independent 5T electrostatic interactions, whereas changes
in the concentrations oi £C1 amd %aCl up to 145 mM, or CaC?2 up to 2 mM,
did not alter the m-A or A7-A isotherms significantly (Section 6.4).
These ionic concentrations kas peen found to disrupt cytochrdme c -
phospholipid complexes {Ivameticm et z1., 1974). Hydrogen bonding in
combination with Van der xaais forces may cause this VSG-phospholipid
interaction. Phosphatidyl etnanoiamine (PE) was mainly used in these

experiments. PE has been found to bind Caz+ weakly at pHs ranging from

4 to 9; above pH 10 PE binds Caz+ strongly having a maximum at 30°C

(Rojas & Tobias, 1965; Seimiya et al., 1976). These experiments, however,
did not show either displacement of V¥SG or bridging of ¥S6 to PE as
observed with other proteins.(du]iano.gsugl-, 1971). Interestingly
experiments carried out with the wnole parasite showed that the surface
coat was not released by Ca2+ unless a calcium ionophore was included;
however, a clear relationship between the releasing mechanism of VSG

and the role of Ca2+ plus ionophore was not given (BﬁwTes & Voorheis,
1982). '

The use of the detergent sodium cholate increased the insertion of

VSG into spingomyelin and phospholipid monolayers. Thus the dissociation



into monomers appears to be necessary for film penetration. The
removal of []4C]cho]ate was mere easily accomplished in EYPC films than
in spingomyelin monolayers _Seztiom 6.2). The method used to remove
cho]até from monolayer is 2nalogous to detergent dialysis, except that
the subphase is exchangec contimsously. A possible sequence of events
for the process of inserting protein molecules using this method 1is
shown (Fig. 6:23). Cne cocnciusiom from the results detailed in Section
6.2 is that cholate binds prefereatially tc spingomyelin rather than to
phosphatidyl choline. Is tnis interactionm related to the structural
similarities between cholesteroi and cholate? It has been found that
cholesterol bonds preferentially to spingomyelin in a phosphatidy]l
choline-spingomyelin mixture (Demel et al., 1977; Van Dijck et ali., 1977)

Film penetration experiments using VSG uncubated with []4C]cho]ate
show a rapid increase in radioactivity in cholesterol monolayers. This
effect was not detected when radiolabelled cholate was injected
beneath the cholesterol film (Section 6.2.3). These results can be
interpreted as the reversible binding of VSG to cholate and durirg the
penetration process cholate becomes detached from the molecule of VSG.
Furthermore, the difference between EYPC and cholesterol films in |
decreasing surface radioactivity can be interpreted in terms of
cholesterol binding to VSG at a similar site as cholate (Fig. 6.16b).
Therefore cholate may be displaced by a combination of specific binding
competition and a surface pressure higher than the equilibrium surface
pressure. For EYPC films cholate is displaced by the effect of high
surface pressure only,

Direct assessment of the interaction between antigen and lipid was
made using the capacity for film penetration (CFP) method of Pethica

(1955). This method appears to be the most appropriated for comparing
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Fig. 6.23

Insertion of ¥S5 :issociéted by detergent in phospholipid
monolayers. * scnematic representation of possible events
occurrirg durirg the insertion of VSG dissociated with

sodium c-s7zza. Subsequently the detergent is removed by

excharzinz tne Tipid monolayer subphase with fresh buffer.
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pagatration in different Films {Section f.3), &n alternative nethod
{5 the relative ponetratiom capacity. The plot of &r wersus initi]
surface pressure niwes a straight Tine, amd extrapolating to l¥ = 0
provides the relative pemetration capacity. This is interproted as the
surface pressure ot which proteins are excludad from tne 1ipid narclayer
(Fig. &§.24). For chalesterol Films this valus was approximately I7

i which is 8 ) higher than that estimated by ‘= p [Table

critica
544,

Applying the CFP method 10 estimate the cholesternl filn penetra-
tion By band J-protein at &a inftial surfack pressure of 10 r|'r||1'1 and

Eamrh,

at various protein concemtrations gave a value of 5 10°
Band F-proteinm is an imtegral membrone protein of human evythrocyte
with & malecular weight of 1 2 ]I:IE (Twker J.M., 1570). Tha experimental
vales ta do this calculation were taken from Klappasf & Schubert (1817},
This CFF valus is two order of megnitude higher thar that caiculated far
V5G {5 K Tl:lac. gae Table 7.2}, Thia strong interaction may be due to 2
major affipity of band l-protein by cholesterod 1n -.;.-:mptr'iam wiLh Y33,
[t has been found that bénd I-protein exhibits 3 prefervential order of
imteraction with 1ipids which resembles that obsorwad for Y35, This
erdor of affinfty decreases as follces: ehalestarnl, phosphetidyl serire,
phosphatidy] sthanolamimg, phosphatidyl cholime ard spingomyelin
(Klapoauf & Schubart, 1977 Schubert & Marie, 18382,

¥56 roadily penetrates mizsd £1ns of DPPC-cholesteral, whereas in
the absence of chalesternl the penetration doss not occur {Secticn
6.3.1]. The rate of penetration by VSG was not, howsver, proportional
b the cholesters] concentratian. This cam te interproted as cholesteral
increasing the surface arpa available in the monotayer for ¥5G. This

agrees with the relationship betweon surface pressure and area per
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molecule deduced from the —-A isotherms for DPPC and EYPC monolayers.
Thus at the same surface pressure the area per molecule of EYPC is
larger than that for DPPC {Section Z.1). The existence of lateral
phase separation in mixed [P7C-chslesterol films is not yet completely
clear (Gershfeld & Paganc, 1572; Lundberg, 1982). The finding that the
penetration rate by VSG does not increase in relation to the proportion
of cholesterol suggests various possibilities: (i) cholesterol in
excess is distributed at random; 'ii) the formation of clusters of dif-
ferent size are distributed at ramdom - the existence of cholesterol-
poor, or cholesterol-rich clusters has been suggested using differential
scanning calorimetry (Snyde- & Freyre, 1980); and (iii) VSG binds phos-
pholipid polar groups with zn crientation which inhibits the binding by

other molecules of VSG.
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CHAPTER 7
STUDY OF THE AFFINITY CF V5% FOR CHOLESTEROL USING CHOLESTEROL

DERIVATIVES AND POLYENE ANTIBIOTICS, AND THE INTERACTION OF VSG

®:7H LIPID BILAYERS

7.1 Interaction of protein with sterols: brief commentary

In the two preceding chanters monolayer experiments showed that
VSG has a marked affinity for cholesterol and ergosterol. Members of

Trypanosoma brucei contain a high proportion of sterols ranging from

21 to 35% of total lipicds [Venkatesan & Ormerod, 1976). The bloodstr
form contains cholesterol which is obtained from the host. Ergostero
is the main component in the culture form and is synthesized by the
parasites (Dixon et al., 1972; Venkatesan & Ormerod, 1976; Beach et a
1979). Cholestero]l is present in most plasma membranes of eucaryotic
cells and in T.brucei the mole ratio of cholesterol to phospholipids -
3:2 (Voorheis, 1979). 1t is unlikely therefore that the occurrence of
such strong interaction between VSG and cholesterol molecules found ir
the monolayer model will have no biological significance. This become
more significant when experiments are considered which show that
cholesterol brings about Tateral phase separation of phospholipids
(Gershfeld, 1978; Van Dyck_gz_gl., 1976). Furthermore the affinity of
some membrane proteins for specific lipids suggests structural recogni-
tion between protein and lipids, i.e. apoprotein A-I has a high affini
for DMPC. Similarly, the myelin basic protein Al has affinity for
cerebroside sulphate; and the band 3 of erythrocyte for cholestero]
(Powna]]_gg_gl., 1979; London.gz_gl., 1974; Klappauf & Schubert, 1977j.
Thus it seemed important to investigate whether the interaction between

VSG and cholesterol is directed by specific recognition of the whole or
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part of the structure of the cholesterol molecule. This study was
carried out using the monoiaver system and various cholestero]

derivatives.

7.2 Surface properties cf sterci derivatives

7.2.1 B-Sitosterol

-

B-sitosterol is a stersl ccamonly found in plants. Its molecular
structure is similar tc caslesterc] but with the modification of
possessing an ethyl croup in pesition 24 of the diphatic chain. Figure
7.1 shows the structure of 3-sitostero] and other sterol compounds .

The force-area curve ¢f 3-sitosterol at the air-water interface exhibits
the general properties o & condensed monolayer. The Timiting surface
area was of 3752 per moiecuie, a value identical to that determined

for cholesterol (Fig. 7.2). Force-area curves of this compound were
significantly displaced by small quantities of VSG. Thus the presence

of 0.06 mol fraction of vS3 could displace the n-A isotherm by a

similar amount to that for cholesterol (Fig. 5.8a).

7.2.2 Lanosterol

Lanosterol is an animal sterol obtained from thé wool fat of sheep.
It possesses a double bond in nosition C-8,9 and some additional methy1l
groups attached on carbons of the steroid nucleus, thus distinguishing
it from cholesterol and ercosterol. The force-area curve at the air-
water interface shows the characteristic of a condensed film. The
addition of VSG caused a displacement of the m-A and AV-A curves respec-

tively (Fig. 7.2).

7.2.3  The synthetic sterol derivatives of amino-cholestene and amino-

cholestane

The force-area curves of amino-cholestene and amino-cholestane appear
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Structure =¥ =ome common sterols.
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Fig. 7.2

B-sitosterol =cnclayer (30 nmo1) spread at the air-water
interface: 'C’ surface pressure and (8) surface potential.
Lanosterc? mcncizver (30 nmol):  (A) surface pressure and
(8) surfzze —ctertial. 3.2 nmol of VSG injected beneath the

lanas=erzl <i7m 22 nmol): ([J) surface pressure and (Ef)
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to be less condensed than those of Z-sitosterol or lanosterol. Thus the
part of the m-A curve whicn can b2 compressed from nearly zero surface
pressure to approximately ZZ =N/a for amino cholestene corresponds to
the less condensed phase, wniist above this surface pressure the fiim
becomes completely condensed.

Amino cholestane sncws 2 short range of surface pressure (up to
12 mN/m) for the compressibie part of the m-A curve. Studies of phase
transitions for these cczpounds were not attempted.

The addition of C.04, 0.38 and 0.1 mol fraction of VSG induce a
considerable displacement of tne m~A isotherms for both amino-
cholestene and amino-cnciestane. The surface potentiail in the presence
of 0.1 mol fraction of ¥55 was stable at large area per molecule of
amino-sterol, and was increzsed when the film was compressed up to a
surface pessure of 30 m=\/m {(Fig. 7.3).

In comparison witn tne values of AV for the amino-sterols the
surface potential changes in the presence of VSG were relatively higher
over the range of compressicn shown above. This differs from the AV
at surface pressures above zC =XN/m when cholesterol is the film forming
molecule (see section 5.2.%1). The interacting part of VSG may have the
same dipole orientation as that of the amino-sterol and this is

reflected by an increase in the surface potential (see Section 5.4.6).

7.2.4 Acetamido-cholestene and acetamido-cholestane

These sterol derivatives show force-area curves with a short range
of surface pressure (up to ™~ 13 mN/m) and these m-A curves resembie
those described for amino-cholestane (Fig. 7.4). The addition of 0.1
mol fraction of VSG induces a prompt displacement of the m-A curve.

The critical surface pressure for acetamido-, and amino-sterol derivatives
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Fig. 7.3
(a) Amino chzsszene monolayer (23 nmol) spread at the air
water interfazs: ) surface pressure and (@) surface potential.

1.1 nmol of VS5 wzs injected beneath the amino cholestene mono-

4

Tayer (23 ~=c”, 2% near to zero surface pressure and force-area
curves mzrz cetermined after 1 hr, ([J) surface pressure and

(A) s.r7zcze aetertial.,

[t Aoetamge :ﬁclesten7ﬁonolayer (27 nmol) formed at the air-
w2ze~ nzerface: (0) surface pressure and (@) surface potential.
2.2 nmot cf VSG was injected beneath the monolayer, the
orocedure was as in (a).

/1) surface pressure and (&) surface potential.
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Fig. 7.4
(a) Acetamicz znzlestane monolayers (27 nmol) formed at

the air-water i-ze-face: (0) surface pressure and (8)
surface potenziz’. 2.7 nmol of VSG was injected under
this film. Itm2= Zenditions are described in Fig. 7.3.

(A) force-zesz curve, (A) surface potential.

air-wzter interface: {0) surface pressure and (®) surface
czzrtizl. 2.7 nmol of VSG was added beneath the amino
cnotestane monolayer and (A) surface pressure and (A)

surface potential were determined.

rigure inset

Comparative plots of Am versus 1lipid surface pressure g

amongst sterol derivatives. Am was determined from force-
area curves of lipid monolayers containing 0.1 mol fraction
of VSG. (0) acetamido cholestane, ([J) amino cholestane,

(A) acetamido cholestene, (X) amino cholestene.

Subphase pH 7.2.
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shows no significant difference with a value of 28 * 2 mN/m (inset of

Fig. 7.4).

7.2.5 Cholesteryl phosphc~y: zholine

The force area curve c¢f cholesteryl phosphoryl choline at the air-
water interface is more expamced than those shown above. Addition of
0.74 mol fraction of VSG6 did¢ not, nowever, provide a large displacement
of the m-A curve. Chranges in surfzce potential in comparison with pure
films of cholesteryl ghcsphoryl crnoline showed a slight increase at
large area per molecuie, and & reduction in AV for areas less than 702
per molecule (Fig. 7.%}. Interestingly these changes in surface poten-
tial are different from those shown for the interaction of VSG with
amino- and acetamido -stersls {see Fig. 7.3 and 7.4). 1t is possible
that the interacting part of 1S5 czanot contribute to the dipo1e moment
by a restriction imposed thrcugh the polar groups of phosphoryl choline.
Thus the contributing dipcle camnoct be parailel with that of the sterol,

and its angle 6 with respect s the interfacial director cannot be zero.
Hlygg = ®eos = ;Section 5.4.6).

The surface potential >y is influenced by the nature of the permanent
dipoles, the presence cf ionogenic groups, and the ionic double layer
(equation 5.20). The contritution from these components to AV can be

Y

expressed using equation {5.22) as

U (7.1)

VSG T YSG 0

by = 4 Mo My e+ ATy

¢ refers each of the parameters to cholesteryl phosphorylcholine, other
nomenclatures have been given (section 5.4.6).

The ionic double layer potential (wo) is assumed to be zero due to

electrical neutrality of the film. It may be inferrred also from
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Fig. 7.5

Cholesteryl phcsgnatidyl choline monolayers (20 nmol) formed
at the air-water interface: (0) force-area curves and (0)
surface potential curves.

3.3 nmol of 435 was injected under this Tipid film

and (&) sur®ace pressure curves and (A) surface potentials

were cdetermirned after 1 hr.
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equation (7.1) that at high surfzce pressure if VSG is ejected from
the monolayer its contricuticn tc ¢ is zero, and therefore AV is
only determined by the film-Torming molecules.

The high surface pressure part of the m versus A isotherm is
linear for most of the starol derivatives described above. It is pos-
sible to extrapolate ts v equal to zero and so obtain a Timiting area
per molecule at zero surface pressure (AO) (Gaines PP- 186, 1966;
Aveyaré%aydon pp 89, 1373). Tme values of AO for various sterol deriva-
tives are shown (Tabie 7.1;. The variability of AO for amino-cholestene
and cholestanyl phosphate could be explained on the basis that the con-
densed state is obtained at hign surface pressure. These compounds
show a &1/S8A lower tram thoss for the other sterol derivatives. Since
the inflection point separating zre —-A isotherms of the condensed and
non-condensed states is mot clearly cemarcated, the error in extra-
polating this short iinesar part of tne isothenn may, therefore, be

-

appreciably higher {Fig. 7.3}.

7.2.6 Cholesteryl phosphate, cholestamyl phosphate and cholesterol

acetate
These sterol derivatives fork momolayers with varying stabilities
at the air-water interface. Cnolesteryl phosphate and cholestanyl
phosphate monolayers are stable at a surface pressure no higher than

1

.30 mNm ', whilst the limiting pressure for cholesterol acetate is

15 mm !

In fact compressing tnese films above these surface pressures
followed by expansion and recompression, results in a shift of the 7-A
curves to low values of surface area. This indicates that some film
forming molecules are presumably solubilized at high pressures. Studies

of equilibrium at low pressure, however, were not attempted. The force-



Table 7.1 Limiting area (Ao) for sterol derivatives.
Sterol derivative (RZ/AO molecule)
Cholesteryl acetate 40 = 1

Amino cholestene 54 £ 5

Amino cholestane 45 + 2
Acetamido cholestene 42 + 3
Acetamido cholestane 44 = 2
Cholesteryl phosphzte 39 £+ 3
Cholestanyl phosphate 41 + 5
Cholesteryl phosphory! zhcline 65 + 2

(Subphase: 10 m. Tris-=Cl, 136 mM KC1, pH 7.2).

oo
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area and surface potential curves of these compounds are shown (Fig.
7.6). The shape of the —--A isotherm for cholesterol acetate shows
the characteristics of a2 ccncensed film. Its collapse pressure of
15 + 1 mN/m is 2.5 times smeller than that of cholesterol (Kwong et al.,
1971). The sterol precsphate derivatives form less condensed films as
shown by their respective 7-A isotherms. Their interaction with
variant surface glycogrczeins was investigated using the technique of

film penetration descrized in tne following section 7.3.

7.3  Structure-actisity relaticnships for the interaction of

cholesterol w#izn ¥S3. Fiim penetration studies

The determination of tne critical surface pressure from the force-
area curves for the interaction between VSG and the amino- and
acetamido-sterols showed nc cifferences among the sterol derivatives
used. Therefore a stuly measuring the capability for penetration of
these films by VSG wculs provwide more information on their specific
interactions. These experiments were carried out in the small circular
trough described earlier  Meterials & Methods, section).

The rate of penetrazion plotted as A7 versus time shows that the

rese compounds is dependent on the initial

o

interaction of VSG vith
surface pressure and on tne concentration of VSG (Fig. 7.7a, b and c).
On thé other hand, sterols witn phosphate and amide substituent groups
required higher amounts of ¥SG to yield significant values of Am., In
comparison, amino- and hydroxy-substituted sterols need about 20 times
less VSG to obtain the same At value (Fig. 7.8). For some sterol
derivatives an initial surface pressure of 10 mN/m reduced the rate of
penetration by VSG considerably. In addition obtaining the plateau of
the curve Am versus time, took longer than 2 hours. For most of the

sterol derivatives higher Am values, and a clearly defined equilibrium
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Fig. 7.6

(a) Cholesteryl znosphate monolayers (27 nmol) spread at
the air-water irterface:-(0) force-area curve and (®) surface
potential.

Cholestany! z-zsomate film (27 nmol).

(8) force-zrsz curve and (A) surface potential.

acetate (30 nmol) at the air-water interface:

s.r<zce pressure and (®) surface potential.

Suscmase pH 7.2.
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Film penetration experiments. The sterol derivative monolayers

were formed at trs air-water interface at constant surface area.
VSG was injectel tzneath the 1ipid film and changes in surface
pressure deter—ired.

(c)

Aminochcleszana:

1S2:11zid initial
¢l ratio surface pressure
() 1:5.5 11
Y 1:5.5 14
. 1:13 14
(a) (d) Penetration rate
determined at 60
Cholestanol: min.
(0) 1:10 10 VSG:1ipid mol ratio 1:10
(a) 1:20 10 Initial surface pressure:
10 mN/m
(w) 1:5 10 |
(M) amino cholestane
(a) 1:15 10
(B) amino cholestene
(b) (B]) cholestanol
(E]) B-sitosterol
Amino cholestane
(0) 1:5 11
Subphase pH 7.2.
(0) 1:12.5 11

(A) 1:12.5 11



