125

iv) “[*77I]sodium iodide, specific activity 15.6 mCi/ug

125

(579 MBq /ug), of iodine at the activity reference date, 99.5%

pure.

4.8 Preparation of unilamellar and multilamellar liposomes

4.8.1 Multilamellar Tiposomes were prepared according to Alving et al.
(1980) with slight modification by Swaney (1980). EYPC solution contain-
ing 10 mg of 1ipid was placed in a glass scintillator vial and the
solvent removed by a low vacuum pressure, followed by treatment with

a stream of gas nitrogen. The 1ipid was deposited onto the glass-

wall as a‘very thin uniform film. Then 10 ml of buffer pH 7.4 (20 mM
tris-HC1, 100 mM NaCl or KC1, and 0.02% (w/v) azide) was added and the
vial flushed with N2 for 5 minutes. The lipid solution was dispersed
using a vortex mixer for 1 minute and then sonicated (80/40 watt transis-
torised soniclean, Dave Instruments Ltd., London) until all the lipid

was resuspended as a turbid dispersion (approximately 10 minutes at

half power). ‘ This 1ipid suspension was centrifuged at 12,000 av
for 10 minutes at room temperature to remove the small Tiposomes left

in the supernatant, and the soft pel1et-(cdntaining the multilamellar

liposomes) was resuspended in tris bufferng 7.4.

4.8.2 Unilamellar Tiposome preparation

Vesicles or unilamellar liposomes were prepared by two different
methods. In the first method, the 1ipid were dispersed as to multi-
Tamellar liposomes, except that the sonication was carried out at
maximum power for 30 minutes. Care was taken to avoid overheating.
The suspension was centrifuged at 12,000 9ay for 10 min at 4°C and the

supernatant kept. Concentrationsfor uni- or multilamellar Tiposome




were '
suspensions ;/ adjusted using the phosphate method (see section 4.3.2).

A second method in order to obtain small 1iposomes was described
by Fukushima (1981). In this method, 1ipid was dissolved in ethanol
to 10 mg/ml and 1 ml injected into 50 ml of tris buffer pH 7.4. The
suspension was concentrated to 6-8 ml by rapid ultrafiltration with a
positive pressure of gas nitrogen (filter XM 300, Amicon, Lexington,
Mass., USA). Particles with an equivalent molecular weight higher
than 3 x 105 are retained by this method.

The homogeneity of unilamellar liposome population was verified
by chromatography in a Sepharose-4B column (60 x 1.5 cm) monitored at

325 nm as described by Huang (1969).

4.9 Lipid monolayer techniques

4.9.1 Two kinds of trough were used for 1lipid monolayer expefiments.

i) A Langmuir trough made from polytetrafluoroethyiene (PTFE,
teflon) with dimension 20 x 6 x 0.8 cm; the volume of fluid contained
was 100 m1. The trough was fixed to a rigid metal base, and movable
teflon barriers (0.8 x 0.8 x 7.7 cm) allowed the surface area to be
varied up to a maximum of 108 cmz.h An inlet drilled into one side of
the trough permitted additions or withdrawals to be made from the sub-
phase (also additions may be done behind the barrier) without per-
turbing the air-water interface.

ii) Small circular troughs were made from teflon beakers (surface

area 12 cm2

x depth 2 cm; volume of aqueous phase 20 m1). The circular
trough was fixed to a rigid metal base, and additions and withdrawals

from the subphase solution were made through an inlet drilled into one

side of the trough beneath the surface (see diagrams 4.1 and 4.2).
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The large teflon *rough and its various elements. Surface tension
is measured usinc tne platinum wire suspended from an electronic
null-reading force balance. Surface potential due to the
orientation of the film forming-molecules as dipoles, is measured
using an air-ionizing electrode (24]Am) with a calomel reference
electrode. Surface excess radioactivity is measured using a
Geiger-Mul]ef tube connected to a ratemeter. Enlarged views of
lipid monolayers alone and in presence of a protein are shown.

The 1ipid monolayer is compressed to a convenient surface area

with the teflon barrier.
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Diagram 4,2
Schematic representation of the small circular trough showing the
inlet through which additions and withdrawals from the subphase

are made.

Diagram 4.3a

The water surface is cleaned by collecting a known excess of the

aqueous buffer,

Diagram 4.3b

The contact angle 6 of the platinum wire with the liquid can be

reduced to zero by keeping the wire surface completely wettable.

(Section 4.10.1).
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4.9.2 Subphase

Unless otherwise specified, the subphase for monolayer studies
consisted of 145 mM KC1, and either 10 mM Tris-HC1 for experiments
conducted above pH 7.0,.or 10 mM Tris-maleic acid for pH's below 7.0.
Buffer solutions were prepared with twice-distilled water (all glass
stills after deionization through a mixed bed resin to a conductivity
of better than 20 Siemens). The troughs were filled with a greater
volume than required in order that the aqueous surface might be exten-
sively cleaned. Thus, the large trough was filled with a 10 ml
excess of buffer and the small circular one with approximately 4 mlexcess,
The excess volume was removed by aspiration using a Pasteur pipette
with its tip held just at the Tiquid surface by a rubber pipe
attached to a suction pump. The fluid was collected in a graduate

receiver (diagram 4.3.a),.

4.9.3 Formation of lipid films

(a) Monolayers were formed in the large trough by touching the
clean buffer surface with a droplet of 1ipid solution (v2ul) delivered
from a Hamilton syringe. 10 seconds were allowed between each addition,
and once the required amount of 1lipid had been added, 20 minutes were
allowed to elapse in order to permit complete solvent evaporation and
equilibration of the air-water interfacial film. During the time
allowed for evaporation it was found very convenient, as suggested by
Phillips & Chapman (1968), to compress the film to about 20 mN m_]
which enhanced solvent evaporation. Thestock 1ipid solution was kept on

(0-40c)
ice/during the monolayer experiments. The film was compressed and

expanded by the manually = movable teflon barrier.




(b) The formation of monolayers in small circular troughs was
done in a basically similar fashion, except that the droplets of lipid
solution delivered to the liquid surface were approximately 0.5 ﬁ] each;
The lipid was spread on the buffer surface until the desired initial
surface pressure (wi) wés reached. The subphase of the trough described

above was stirred in some experiments.

4.9.4 The cleaning of troughs and glassware

The following procedure was applied routinely and tests using
surface-pressure and surface potential measurements showed no contamina-
tion by surfactive agents. A bio-degradable detergent RBS (Chemical
Concentrates (RBS) Ltd, London) diluted to 5% (v/v) with hot tap-water
was used to wash troughs and glass ware. It was removed by (a)
rinsing the troughs with hot tap-water, (b) soaking them in 50% nitric

acid for at least 30 min, rinse again with hot tap-water and (c)

rinsing again with distilled water for at least 2 hours.

4.10  Measurements of monolayer properties

4.10.1  Surface pressure

Surface pressure was determined using a modified Wilhelmy dipping
plate technique (Rothfield & Fried, 1975). A thin platinum wire
(diameter 0.0508 cm) was su3pendéd from an electronic balance
(C.i. Electronics Ltd., Salisbury, U.K.) so that it touched and just
penetrated the monolayer, with optical servo-control of heam position
and thus automatic compensation for the buoyancy correction of the
immersed portion of the wire (Davies & Rideal, 1963). The surface of
the platinum wire was kept clean and rough before each experiment by
either flaming until it turned red or immersing in 4 M HCI1 for 2 minutes.
These processes, make the treated wire portion completely wettable so
that o, the contact angle, will approach zero (diagram 4.3.b). Surface

pressure was calculated using equation (3.3). The buoyancy factor was




taken as zero since it is corrected automatically by the electrical

balance.

4.10.2 Surface potential

Surface potential was measured with a model 602 electrometer
(Keithley Instruments Inc., Cleveland, Ohio, USA) connected to an
air-ionizing electrode of Americium 241 :uspended 5-8 mm from the
air-water interface and to a calomel reference electrode immersed in
the subphase behind one of the teflon barriers. The air-ionizing

"electrode of 241 Am was designed and built by Dr R.A. Klein in this
laboratory, and provides a surface area of 0.636 cmz. The electrode
was of a special concentric guard-ring construction, and was extremely
stable in use with minimal screening, particularly against interference
from 'stray' capacitance or electrostatic fields produced by nearby
surface
hands or arms. The surface potential produced by the orientation of the/
dipoles was measured using a high input-impedance (MO]4 ohms) electro-

10

meter much greater than the gap resistance (~10 ~ ohms) (see diagram

4.4).

4.10.3 Surface adsorption of radiochemicals

Measurements of radioactive material adsorbed to the surface film
were carried out by two different methods.

i) A direct method in which radioactivity was estimated using a
thin end-window Geiger-Muller tube, with a counting efficiency of 6%
for ]4C(8). This tube was held approximately 8 mm above the 1ipid
film and connected to a ratemeter (P7900A, Panax Equipment Ltd., Surrey,
England). A counting time of 10 min was used together with a long time

constant (v = 30 sec). The method relies for both its sensitivity and

lack of subphase interference, such as backscattering of B particles
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4 Diagram 4.4

Simplified block diagram, nodified to show the guard connection,
taken from the.Keithley Model 602 Manual. A full circuit diagran
of the instrument is also shown (Diagram 4.4, appendix).

Lo : Tow circuit

Hi : high circuit

A : amplifier

Q1 and GZ are transitors

S to fix the voltage range

M meter

F : feedback -switch

E : potentiometer
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(Gairms, 1960), on the |iaited rasge oF enittied particlies in water
(Dawies & Rideal, 1963). Ranges for the d-radistion emitted by M
(0018 Ma¥] and "UC (0,155 Me¥) of & un and 300 un respectively have
been reparted by Anisesien (1951) and Carshfeld [1974). 270 smies 2
(C.6) MoV ) and v (0.3 MeT] particlet with am Jppirent Fangs in waitsr
af J00 um snd @ o retpectineiy.  Thete ensrgler In coafunct lon wits
tore propertie (.§. mem-tpecific adsorption) of the -1 Tabelled
mlacule prodced iperimenial JIFFficullies In [he waturement of the
surface radioactivity.

14) Ms iedirect methed, An stterpt was asde to collect the
sonolaper froe the Tiguid serface and meeature sstocieted radicactivity
directly in 4 gerwm cownter. Briefly, following Bletsch et al. (1H77),
a plastic container of 5 nl designed for rediolamencetsay wat modified
a1 folleam. A thin capdllary wed bant I fuch & wiy TRat SR Sart wad
iderted through the top cap, and the other Tip conld Léuch the liguid
swrface at & slight iaclination. A 21 & seedle wid padied thedwih the
v tube cap end Dinked wis o Fobber pipe Lo 8 witwam puep [diagres 4,
With the capillary saiing ~ X7 w2 the moroliper plane and the Rip
frserind in the |lguid seniscss, e ile was 1)owly conpressed and fluld
atpivrated sisultansoudly from the menitca weti] & volume of 5 »l was
callactad. Finally, the glass capillary was cwt in pieces and placed
inte the plastic contatner. After tealisg the container the temple
radigac tivity wai sediured directly ia e gevew counter. Affer song-
fayer collection, the procedure sid recedled on the jeew subphdte with
angiher contalner 20 delermise ke Baciground counis.

L.10.8  Becerding condivimg

The output tignals Frem micro-force balance, ratmsetier and wlectro-
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| metzr were connected to a multi-channel recorder (Speedomax G, Leeds

| & “orthrup Co., Birmingham). Thus, surface pressure, surface potential
ﬂ:arc excess surface radioactivity could be recorded concurrently and
?iMCEpendent1y against time. The trough and its components were enclosed
{im 3 Faraday'cage box to provide electrostatic screeening.

Before spreading the film the subphase was checked for absence
L\ sirractive agents originating from the solvents by measuring the
»5»1’;& in surface pressure and surface potential that occurred on
jgcxm$ression to 40% of its initial surface area. These changes amounted
t> less than + 0.6 mN m", or = 3mV, for the subphase alone. This
nethod was also used to check for the absence of impurities in so]vents
z“ter spreading and evaporation from the surface.

The values reported here for the force-area curves (T-A curves)
zre averages of duplicate or triplicate measurements. Reproducibility
cf different m-A curves for the same monolayer was within +2 82 on the
x-axis, within =+ 1 mN m_] on the Y-axis, and within + 10 mV for measure-

Tents of surface potential.

411  Gel filtration experiments

Column chromatography was performed using Sephadex G-25, G-50,
-1-20 (Pharmacia Fine Chemicals, Inc., Uppsala, Sweden) and Biogel P-6
.3i0-Rad Laboratories, Richmond, CA, USA). Gels were equilibrated
“irst with Tris-HC1 buffer pH 7.2 (25 mM Tris-HC1, 50 mM KC1, 3 mM
NaN3), except for Sephadex LH-20 which was equilibrated with Tris-HC]}
buffer pH 7.2:methanol 4:1 (v/v). Column dimensions were 12 x 0.6 cm

‘Hummel & Dryer, 1962).

31.11.1 Radioactive buffer

100 uCi [3H]cholestero1 was placed in a



glass vial with a final volume of 4-5 m1 in chloroform. The solvent
was removed by means of reduced pressure, and the expanded thin film
remaining on the wall of the glass vial treated with a stream of gas
nitrogen. 5 ml Tris-HC1 buffer pH 7.2 was added and vortexed until
the film had been dispersed; 50 ul aliquots were added to 5 ml of
Packard scintillation cocktail (Scintillator 299) and radioactivity
determined using a Packard model 460 CD Tri-Carb 1liquid scintiilation
counter. The radiocactive solution was adjusted tot?edesired radio-
activity, ie. 234,000 cpm/ml and will now be referred to as radiocactive
buffer (RB). |

The column was equilibrated with RB as follows: after passing a
volume of twice the void volume (~ 2 ml) fractions of RB (0.25 ml)
were collected and radfoactivity measured. When a constant 1eve1 of
radioactivity was attained in each fraction this was taken to indicate
the column had reached equilibrium. The antigen was incubated with
0.25 ml RB and applied to the column. Eluant was collected in 0.25 ml
fractionsangiégnitored at 280 nm to locate any protein peak. Radio-
activity was measured in 50 pl of each fraction as described above.
The disintegrations/min/sample were ccmpdted_using the sample channels
ratio method (Cooper, Chapter 3, 1977) and a series of quenched
standards of known [3H] content (Packard Inst. 295,000 dpm + 1.4%).

These calculations were performed by the microprocessor contained

within the scintillation counter.

4.12 Polyene antibijotics

Filipin was a gift from Dr G. Whitfield, Upjohn Company, Kalamazoo,

Michigan, U.S.A. Filipin was made up at a concentration of 1 mM in

dimethyl formamide. Amphotericin B was kindly provided by Dr D. Kerridge,




Department of Biochemistry, University of Cambridge. Amphotericin B was
prepared at a concentration of 1 mM in dimethyl sulfoxide.
Antibiotic solutions were freshly prepared and used within a maximum

period of 3 days.

4.13 Tempekature programming method

Mu]ti1ame11ar 1iposomes of DPPC/DMPC, DPPC/DMPC/cholesterol or
DMPC/cholesterol were prepared as described in Section 4.8, and the
1ipid composition for each is given in the section of results. 0.8 ml
of a multilamellar liposome suspension with an average of 0.2 mg per ml
were added into a thermostated spectrophotometer cell and equilibrated
at 10°C for 10 minutes. This cell was heated electrically using an

electronic temperature programmer (SP 876, Temperature Programme Controlle:

Accuron Ltd, Cambridge, England). The temperature was raised linearly

from 10 to 40°C at a rate of 0.5°C per minute according to Pownall et ail.

(1978) and Swaney & Chang (1980). The increase of the temperature and
the absorbance (325 nm) were recorded continuously through the heating
rate. The cells were cooled by passing water through pipes connected
to the cell-holder. VSG and liposomes at the desired concentration

(shown in kesu]ts), were mixed in the cuvette and the procedure was as

above.

4.14 Centrifugation of liposome-VSG mixture in sucrose gradient

Unilamellar Tiposomes were prepared after a 1ipid dispersion was
ultrasonically irradiated (Section 4.8) and the concentration of phospha-
tidyl choline was adjusted by measuring the phosphate content (Section
4.8). A volume of 0.25 ml of liposome suspension was incubated with 0.5
mg of VSG for a final volume of 0.35 ml (0.1 M KCI, 0.01 M Tris-HC1,

0.001 M azide, pH 7.2), and a mol ratio of phospholipid to VSG of 24:1.




Tzrious mol ratios of phospholipid to cho]ester&? were used as shown in
=esults. The incubation of this liposome-VSG mixture was carried out at
~>cn temperature with continuous mechanical miking on a rotating wheel
for 16 hours. At the end of this incubation the samples were added to
3 ~re top of a sucrose gradient (4.6 ml, 16% to 46% w/v) in 5 ml nitro-
cellulose tubes and centrifuged at 170,000 9oy for 20 hours at 5°C
‘Ultracentrifuge L2-65B, Beckman Instruments).

The gradient was monitored at 280 nm and collected in 0.5 ml
fractions (Isco density gradient fractionator, Model 185, Instrumentation
Specialities Co., Nebraska, U.S.A.). The refractive index of each sample
x2s determined at 25°C using a refractometer {Bellingham & Stanley Ltd,
4.K.). The corresponding percentage of sucrose (w/v) is expressed as the

gradient profiles.

£~
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CHAPTER 5
RESULTS

5.1 Properties of phospholipid monolayers and their interaction

with VSG

Phospholipid monolayers show m-A/AV - A curves from which infor-
mation about the physical state of their film-forming molecules can
be evaluated. Compression of the film at temperatures above or below
the 1ipid transition produces an expanded or a condensed film respec-
tively, as well as a different surface packing (surface area per
molecule, A2/m01ecu1e) for the same 1ipid class (Phillips & Chapman, 1968)

Studies of the VSG-phospholipid interaction have been carried
cut using two different approaches: (i) studying the compressibility
of VSG incorporated into the lipid film and (ii) studying the pénetra—
“ion by molecules of VSG of a performed monolayer at constant surface

area and a known initial surface pressure (see section 5.4).

w

.1.1  Phosphatidyl choline (EYPC) has been shown by Williams & Chapman (99
<0 have a transition temperature of -15 to -7°C when cooled or heated
respectively. A characteristic m - A isotherm for EYPC spread at the
sir-water interface is shown in Figure 5a. At room temperature this
cnolayer exhibits a fully expanded force area curve with a gradual
ircrease in surface pressure when the area per molecule is reduced

from values below 120 82. The increase in surface pressure and surface
zctential attained higher values as the reduction in area per molecule
r~eached the Timiting area. Thus, for the EYPC monolayer, these values

were 60 RZ for the limiting area when the surface pressure was




increased to 36 mﬂ.m'1

and a corresponding surface potential of
480 = 5 mV. These values are very similar to those reported in the
literature for the EYPC collapse point (Phillips et al., 1972 ;
Demel et al., 1972; Barenholz & Thompson, 1980).

Yalues of surface pressure and surface potential higher than
these values led to the loss of some molecules from the film as
deduced from a downward displacement of the ™ - A and AV - A curves
when the film was compressed a second time. It was important to
measure the % - A curves and AV - A curves in order to verify other
properties of the lipid film. The time required to obtain a complete
m - A curve was approximately 30 - 40 minutes; care was taken to avoid

the formation of any surface pressure gradient by compressing the
film slowly (Gaines, 1366, p. 144).

5.1.1.1  Interaction with VS6

A phosphatidyl choline (EYPC) monclayer was formed at the air-
water interface and its stability was checked by compressing and
recording @ - A curves and AY - A curves. This procedure removed
any retained solvent within the lipid phase (Phillips, 1968). Care
was taken, however, not to reach values of surface pressure too close
to the collapse pressure. The antigen used in this experiment was

156151 (MIT at 1.6) and the subphase (10 mM Tris-Maleic acid or Tris-

nlu'leatn. 145 mM KC1) was adjusted to pH 6.8, the isoelectric point of

this VSG. "55151 was added to the preformed EYPC monolayer at 110 REJ

plecule of lipid. Two ways of adding anticen were assessed; first
injecting the antigen beneath the lipid film, and second by touching
lipid surface with successive droplets of VSG solution until the

psired amount had been added. Surface pressure and surface potential
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reached an equilibrium in 40 minutes using the second method'compared
with 90 minutes for the first method. The second method, however,
wzs found to be more favourable for studying the compressibility of
iSG because of the short time needed to attain equilibrium, whilst
<ne first one was more suitable for penetration experiments. In both
nethods the equilibrium was defined as the time taken until no further
changes in surface pressure and surface potential could be observed.
After equilibrium was attained, the mixed monolayer was compressed
siowly and a new equilibrium attained for each point observed. In
ceneral it took about five minutes to reach new stable values.

The displacement of m - A and AV - A curves for EYPC due to the

sresence of VSG is shown in Figure 5a.

Moysg T ML T AWVSG ............... (5.1)

if the m - A curve for phospholipid - VSG was subtracted from the
7 - A curve for phospholipid alone at the same area per molecule of
1ipid, then an increment in surface pressure was obtained which could
be regarded as the value due to the molecule of VSG inserted in the
1ipid monoiayer. The change in surface pressure due to VSG (AWVSG)
remained constant for larger values of total surface pressure, see
Figure 5.14(a), but at 15 aM.m ¢ it started to diminish gradually.
From these m- A isotherms it is possible to calculate the lateral com-
pressibility coefficient (&) as discussed later in this Chapter,
Changes in the surface potential of EYPC monolayers in the
presence of VSG are also shown in Figures 5.1(a) and 5.1(b). The aV -

A curves for EYPC - VSG monolayers show a slight increase inAV values

in comparison with AV - A isotherms for EYPC alone. This property




Fig. 5.1a
Egg yolk phosphatidyl choline monolayers spread at the air-water
interface, 0 surface pressure and @ surface potential. 4 nmol of

VSG was added beneath a EYPC (18 nmol) monolayer and A surface

151
pressure and A surface potential determined. The subphase composi-

tion was 10 mM Tris, 145 M KC1, pH 6.8. Room temperature: 21 * 2°

Fig. 5.1b
Effect of various concentrations of VSG in EYPC monolayers. To @
preformed EYPC (18 nmol) monolayers, various concentrations of

surface pressure and [J

VSG were added as follows: 4 nmol, &
surface potential; 8 nmol, B surface pressure and surface potentia
12 nmol, A surface pressure and surface potential; and 18 nmol of

VSG, x surface pressure and surface potential. The subphase was

as in (a).
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ws 2isc observed with other phsopholipids, i.e., DOPC (Figure 5.3)

or £ {Figure 5.6).

£.1.1.2 Effect of VSG concentration

The ™ - A curves fof EYPC - VSG were displaced from their originaT

waiuves as the VSG concentration was increased. This effect was only

{ seen for AV - A curves when the EYPC-VSG molar ratio was 1:1 as shown
im Figure 5.1(b). The positive displacement of the m - A curves was
@erendent on VSG concentration, suggesting that there was not satura-

; tion of the available Tipid surface area. The AWVSG’ however, was
ot large enough as to support the interpretation of a significant
irsertion of molecules of VSG in the Tipid film except when larger
wantities of VSG were added, i.e., the EYPC : VSG molar ratio 1:1

"4SG concentration 11 ug/mL).

£.1.2 Soybean phosphatidyl choline monolayer

Soybean lecithin has been reported to have a large proportion of
Tinoleic acid (C 18:2) and other unsaturated fatty acids, C 18:2 com-
: grising approximately 70 mole % (Klein, 1972 ; Gould, 1982). Also it
{ is known that the presence of double bonds confers more fluidity and
? tre monolayer becomes more expanded due to the reduction of transition
i tezperature. A soybean phosphatidyl choline (SPC) monolayer formed
} @t the air-water interface, was allowed to interact with VSG 151 using
; tne same experimental conditions described for EYPC-VSG. The 7 - A
G curve (Figure 5.2) shows a similar profile to those shown for the EYPC-
i TS5 interaction. &V - A curves show a reduction of about 10 mV in
f cresence of VSG, which increases as the area per molecule of lipid is
| reduced. This suggests that increasing the percentage of unsaturated

; fatty acids in phosphatidyl choline is not a pre-requisite for improving

S U



Fig. 5.2
Soybean phosphatidyl choline monolayer (17 nmoles), O surface
pressure and 8 surface potential. In presence of 4 nmoles of

VSG, A surface pressure and A surface potential. Subphase as

described in Fig. 5.1a.
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b the 5C-VSG interaction.

k 5.7.3 Dioleoyl phosphatidyl choline monolayers

I-palmitoyl-2-oleyl Tecithin is the major component (70 mole %)

: e egg yolk lecithin and most biological membranes (Ladbrooke &

% Craoman, 1969); the behaviour at the air-water interface of mixtures

E @¢® fatty acids contained in different lecithins, i.e., distearoyl/

; #isleoyl lecithin is essentially the same as for 1-stearoyl-2-oleoyl

;‘Iecithin, however, their transition temperatures differ significantly

| (P2illips et al., 1972;  McElhaney, 1982).

Lv Dioleoyl phosphatidyl choline (DOPC) a synthetic lecithin con-
taining only one type of nonsaturated fatty acid (C 18:1), was used

R study whethér the interaction with VSG could be enhanced, reduced

; ¢~ remained the same as for EYPC monolayers. The results are shown in

% Figure 5.3; the isotherm curves for m - A and AV - A are shown in the

| zresence and absence of VSG. In comparison with EYPC monolayers,

; LCPC is more expanded with Tower values of AV. In presence of VSG at

; 2 similar concentration the displacement of both isotherms (7 - A and

| 1( - A) does not differ significantly from those observed for EYPC -

? VSS. |
The present results suggest that the presence of unsaturated

fatty acids other than oleic acid in phosphatidyl choline, does not

produce significant changes in the PC - VSG interaction.

5.1.4  Dimyristoyl phosphatidyl choline

Dimyristoyl phosphatidyl choline (DMPC) monolayers were formed
at the air-water interface under experimental conditions similar to
those described for EYPC. The plot of 7 versus area (A) is shown in

Figure 5.4; the shape of the m - A curve correspond to that of an




Fig. 5.3
Dioleoyl phosphatidyl choline monolayer (14 nmeles), 0 surface
pressure and @ surface potential. In presence of 4 nmoles of

VSG, A surface pressure and A surface potential. Subphase as in

Fig. 5.%a.
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Fig. 5.4
Dimyristoyl phosphatidyl choline monolayer (18 nmoles), O surface

pressure and @ surface potential. After adding 3 nmoles of V3G,

A surface pressure and A surface potential. Subphase pH 6.8.
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exanded film, but with less compressibility than that shown by PE
zrc EYPC monolayers. This could be due to the experimental tempera-
zure being 2°C below its transition temperature (Tc) 23.99C; it is
«~own that in this condition DMPC is in a mesomorphic state (Williams
L Chapman, 1972; Phillips, 1972 Swaney, 1980).

The AV increases as the area per molecule decreases, and
reaches higher values (about 480 + 10 mV) close to the minimum area;
similar results have been reported by Co]acicgos??g78). The addition
=t VSG to the preformed monolayer produced a positive displacement of

zzth m - A and AV - A curves, which resemble those observed for the

atner phospholipids.

3.1.5  Dipalmitoyl phosphatidyl choline

Dipalmitoyl phosphatidyl choline (DPPC) monolayers were formed
2t the air-water interface as described for EYPC. The force area
curve of DPPC looks rather different from that observed for the other
phospholipids: EYPC, SPC, DOPC, DMPC and PE. The ™ - A curve clearly
snows two slopes; one which corresponds to a condensed phase between
0 and 50 82, and a second, between 50 and 70 RZ corresponding to an

& Chapman

intermediate state. Phillips/(1968) has suggested that below the
transition temperature for DPPC (4]00} the film, which is in the inter-
rediate state, consists of crystalline cluster of molecules that are
immiscible with the bulk phase which exhibit a cooperative transition.
“his latter has been confirmed with the more detailed studies of X-ray
diffraction and differential scanning calorimetry (Tardieu et al.,
1973; Chen et al., 1980; Ruocco & Shipley, 1982). The phase transition
is highly sensitive to changes in temperature which in fact lead to a

variety of type m - A isotherms for phospholipids (Phillips & Chapman,

1968; and fatty acids (Baret, 1982).
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Fig. 5.5

Dipalmitoyl phosphatidyl choline monolayer (24 nmoles), spread at
the air-water interface, O surface pressure and @ surface potential.
After adding 2 nmoles of VSG no changes in (A) surface pressure

were observed, for 4 nmoles of VSG. Changes in A surface pressure

and A surface potential were measured and are shown.
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The = - A and &V - A curves for DPPC monolayers shown in Figure

tn

.5 are very similar to those described in the literature (Phillips,
1372). Changes in AV rise sharply to values of 500 = 10 mV near to

the minimum area in good agreement with data reported by Colacicco & Basu
.1978). The addition of VSG 151 to a stable DPPC monolayer did not

show substantial changes in surface pressure compared with other phos-~
oholipids. Furthermore, changes in surface potential were less than

those of DPPC alone.

3.1.6  Phosphatidyl ethanolamine

Egg yolk phosphatidyl ethanolamine (PE) formed expanded monolayers
at the air-water interface; it appeared to be less expanded than phos-~
phatidyl choline. The explanation given for such behaviour arises
from steric factors associated with the large polar groups of PC and
PE.  The larger Timiting area found for PC compared with that for PE
reflects the greater space required by the bigger, and probably more
hydrated, choline groups (Williams & Chapman, 1972; Hauser & Phillips,
i979). The surface potential-area curves, however, show lower AV
values near to the limiting area of PE than those found for PC alone;
at minimum area of 50 RZ/mOTecu]e PE exhibited a value of about 360 mV
which is Tower than reported for synthetic PE (Phillips & Chapman, 1968).

Phosphatidyl ethanolamine was spread at the air-water interface
under similar conditions described for EYPC. After recording the
isotherms (m - A and AV - A) by compressing to below the collapse pres-
sure VSG was added by touching the lipid surface at 95 82 (v 2 mN/m).
After 40 minutes the 1ipid film was compressed againand the m - A and
AV - A isotherms recorded. The # - A curve for PE (Figure 5.6) resem-
bles that for the VSG-EYPC interaction (Figure 5.1b), except that only

a AV - A curve is shown for clarity.
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Fig. 5.6

Prosphatidyl ethanoiamine monolayer spread at the air-water
interface, @ surface pressure and 0 surface potential are shown.
Various concentrations of VSG]S] were injected beneath these PE
monolayers (18 nmoles) as follows: 4 nmo?»of VSG, x surface
pressure; 8 nmol of VSG, [ surface pressure; 12 nmol of VSG,

A surface pressure and 18 nmol of VSG, <> surface pressure and

A surface potential. Other conditions are as described in Fig. 5.1
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.1.7  Sphingomyelin

tfter forming the sphingomyelin (SPH) monolayer, the reproduci-

TR
a

ility of the m - A isotherm was tested by alternately expanding and
%nww ressing the monolayer. Reprecducibility of the isotherms was the

§~ iterion used for a stable monolayer, and again care was taken not

e =xceed the collapse pressure. The shape of the w - A isotherm of
§w~ingomye11n is similar to that for a compressible film (Figure 5.7},
?ﬂ:ﬁough Shinitzky et al. (1978) have shown that natural sphingo-
;ugetins are less fluid than natural phospholipids; they measured
2114€dity by fluorescence polarization.

| The curve of surface potential versus area for sphingomyelin
ilises continuously until it reaches a maximum around 350 = 10 mV, close
Itz the minimum area. It is interesting to note that a value of 250 mV
w@s found at pH 6.8, and 300 mV at pH 8. Nevertheless, those va]ﬁes
Lare below those given by Colacicco (1973), (600 mV) for cations or
j.m?yamines bound to SPH as contaminants.

| Addition of VSG to SPH monolayers was carried out at ~ 100 KZ,
Zanc the reactants allowed to interact for 40 to 60 minutes. Figure 5.7
és&ous that there is no detectable interaction between VSG and SPH at

fa iSG : lipid molar ratio of 2 : 9. This VSG/Tipid ratio has been
ﬁused for other phospholipids, e.g., Figure 5.1b where small changes

éin surface pressure were observed. The demonstration of no interaction
Juti:h was independent of the way of adding VSG to the SPH monolayer,
{(nu?d be shown by adding antigen either by touching the lipid surface
}lr 5y injecting beneath the film. The m - A isotherm of sphingomyelin
lwizs never displaced by the addition of VSG. ‘

The AV - A isotherm in most of the experiments at pH 6.8 main-

[tz ned a difference about +30 to +40 mV, meanwhile at pH 8 this
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Fig. 5.7a

Sphingomyelin {18 nmol) monolayer was spread at the air water
interface, 0 surface pressure and @ surface potential are shown.
After injecting & nmol of VSG beneath this 1ipid film, psurface
pressure and A surface potential were determined. Subphase pH

6.8.

Fig. 5.7b
4 nmol of VSG was injected beneath a preformed sphingomyelin
monolayer (18 nmol) and the procedure was as above, except that

the subphase pH was 8. The subphase composition was 10 mM Tris,

145 mM KC1.
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iminished by +15 mV (Figures 5.7a and 5.7b). At pH 7.4 the AV - A
isotherm resembles that at pH 8 (not shown).

The bulk phase was modified changing its ionic strength] from
3.157 M to 0.011 M. It is expected that if the interaction between
SPH and VSG is by electrostatic means, then, at low ionic strength
<hat interaction should be enhanced (Kimelberg et al., 1971). Experi-
rents carried out under these conditions, however, did not produce
any effect either in m - A or in AV - A isotherms. As will be seen
later, the SPH - VSG interaction was only effected if VSG was pre-
viously dissolved in presence of sodium cholate and then added to the

SPH monolayer.

5.2 Interaction of VSG with sterol monolayers

~ Sterols have the basic structure shown in Figure 7.1 (see
Section.7.2),  additional groups such as methyl groups and double
bonds confer different chemical properti;s.
Cholesterol and ergosterol were the sterols selected for these
experiments; both sterols, cholesterol and ergosterol have been found
to be present as the main sterols of trypanosome bloodstream forms and

culture forms respectively (Dixon et al., 1972). Cholesterol is the

major sterol of the bloodstream form of Trypanosoma brucei rhodesiense

1) Ionic strength is a measure of the intensity of the electric field
in the solution. For instance the electrostatic force between a pair
of doubly charged ions is four times the force between a pair carrying
unit charges. The definition of ionic strength takes into account the
charge of the ions as well as their respective concentrations:
w=1/2gm 28

m is the molal concentration of each ion and Z; is its charge. In
dilute solutions of an ionic compound, the properties such as the

@ctivity coefficients, rates of ionic reactions, become functions of
ion strength.

11
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;ﬁﬂliinly as esterified sterol), it was found in large amounts in the
?shcrt stumpy form, e.g., 20% (w/w) of total lipids (Venkatesan &
flrnerod, 1976). The use of other sterols is shown in section 7.1.1

where the affinity of VSG for sterol is studied.

;5-2.1 Cholesterol monolayers

Cholesterol monolayers were formed at the air-water interface,
ilﬁtﬁ a subphase of pH 6.8 (composition - see sectioﬁ 4.9.2). The

;m' - A isotherm for cholesterol (Figure 5.8) corresponded to the
;IGTJES in the literature (Demel & De Kruyff, 1976), this monolayer
icc:upies only small areas per molecule (39 Rz), and is very incompres-
Esﬁzle, consistent with it being a condensed monolayer. At relatively
}hi;h areas per molecule (> 40 RZ) the surface potential underwent a
étnntinuous oscillation £ 50 mV. This only became stable when the
%area per molecule wasvreduced to values close to the minimum area
f{39 XZ); the value of surface potential at this area was 420 = 10 mV.
The type of surface potential fluctuation described above has
_;a?so been observed for phospholipids at relative large area per
;nnTecule. Phi111ps & Chapman (1968) have explained this fluctuation
%ftr PC and PE as the reflection of the physical state, which may be
;a 1iquid expanded phase father than a vapour expanded phase. A more
ésatisfactory explanation, however, comes from Adamson (1967) who sug-
igested that cohesive inter-chain forces could predominate among the
?fiin—forming molecules at the higher surface areas, leading té the
Eftrmation of clusters. This is interpreted as an irregular distribu-
¥ tion of molecules at the water surface. In this case, AV which is the
? resultant of several partially compensating effects, namely, dipole

iunaents and area per molecule, will reflect such irregularity.
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Fig. 5.8a

Cholesterol monolayer {25 nmoles) formed at the air-water
interface, (G}»sarface pressure, ® surface potential. The
effect of various concentrations of VSG in ;erace pressure
and surface potential were also determined. 1.6 nmol of

VSG, (0) surface pressure, (0) surface potential; 4 nmol of
VSG, () surface pressure, A surface potential; 8 nmol of V3G,
() surface pressure, ( M) surface potential, and 12 nmol

of ¥SG, (x) surface pressure and surface potential. Subphase

pH 6.8.

Fig. 5.8b

Effect of Tower concentrations than 1 nmol of VSG injected
beneath cholesterol monolayers (25 nmoles). 0.16 nmol of
VSG (A) surface pressure and surface potential; 0.32 nmol of

VSG (x) surface pressure and surface potential and 0.8 nmol

of VSG, (0) surface pressure and surface potential.
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Addition of VSG to the cholesterol monolayer produced a very
significant change in the m - A isotherm, which was greatly displaced
and its slope reduced considerably. This displacement could be inter-
preted in terms of the transition from a condensed to an expanded
film. The AV - A isotherm for cholesterol in the presence of VSG
showed a positive increase im :¥ in comparison with cholesterci zicne
at equivalent areas per molecule of cholesterol higher than 40 22.
When this area was reduced to the limiting area for cholesterol, .V
did not increase and showed am average value equal or lower than that
observed for cholesterol alome {350 mV). The displacement of the CHL
m - A curve by VSG can be interpreted as a much stronger interaction

_between CHL and VSG than that observed for any of the other phospho-
Tipids. As shown later, the AJVSG for cholesterol from these curves
differs in magnitude from those of the phospholipids for the same VSG

vconcentration. Furthermore, using different concentrations of VSG

led to different isotherms. But the mclar ratic of VSG:CHL 1:2
appears to represent saturation of the cnolesterol monolayer; remark-
ably, however, the low VSG concentration i.e.; 1.6 pmo?(ml (VSG:CHL

.1:156) which was able to displace the CHL 7 - A isotherm (Figure

5.8b) was not able to alter the phospholipid m - A isotherm.

5.2.2 Ergosterol monolayers

Ergosterol is found in nature as the main sterol in insects; it
differs in chemical structure from cholesterol by the presence of a
second double bond 7-8 in the cyclopentanophenanthrene nucleus. Also
by a double bond 24-25 in the side chain (see diagram in section 7.2.
A solution of ergosterol (1 mM in chloroform) was.prepared freshly
and the experimental procedures accomplished under yellow light (Kodak
safelight filter, 'Wratten' series 0B) to prevent oxidation. The

ergosterol monolayer spread at the air-water interface corresponded

i

(YS9




[y
po .
(N

to a condensed monolayer; its force-area curve exhibited a very
limited compressibility area as shown in Figure 5.9, The ERG 7 - A
isotherm, although resembling that of cholesterol, shows small sﬁgni—
ficant differences which can be attributed to the presence of the

two doubTe bonds in the sterel nucleus (Demel et al., 1972). Thus
the area per molecule is slightly increased at low surface pressure
which provides a compressibility area of about 5 RZ’ and the collapse
pressure is reduced to about 32 nM/m, compared with cholesterol.

The ERG AV - A isotherm (Figure 5.9), exhibited considerable
fluctuations in mV at high surface area probably ref]ecting.the
gaseous-1liquid transition; AV only became stable at the limiting area.
The average values of AV observed at this area (36 Rz) were about
550 + 10 mV.

‘Introduction of VSG to ergosterol monolayers brought about a
marked displacement of the force-area curves (as observed with CHL),
which transformed the ergosterol physical state from a condensed film
to an expanded film. Surface potentials were also consistent with
the findings from the 7 - A isotherm of the ERG-VSG interaction. At
large area per molecule the AV exhibited higher and stable values than
that observed for ergosterol alone, suggesting the formation of a
mixed film with the properties of an expanded liquid phase. When the
ERG-VSG film was compressed to the ERG minimum area, AV did not
increase to greater values than those observed for ERG alone (Figure
5.9). This effect was reproducible in different experiments; a few o€

them showed a similar AV coincident with that observed for ERG alone =

2

0
this area (36 A®). This AV (v 500 mV) was never higher than tha= for

0
ERG at 36 Az/mo]ecu1e. This suggests that VSG can be squeezed ¢cut of

the monolayer, but a further, more detailed explanation would require




Fig. 5.9

Ergosterol monolayer (26 nmoles), (0) surface pressure, (@)

surface potential. After injecting 1.5 nmol of VSG, (] surface

pressure, surface potential. Subphase pH 6.8.
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knowledge of the equilibrium spreading pressure for VSG; although
bearing in mind that if VSG is spread at the air-water interface the
molecule would completely unfold, this can be avoided if the spreading
is effected in presence of a lipid monolayer. These considerations
about the contributions in surface pressure and surface potential of
VSG to the 'mixed V3G-Tipid film' are examined in sections 5.3, 5.4

and the discussion of this Chapter.

5.3 Antigen alone at the air-water interface

These experiments were aimed at investigating if VSG injected
into an aqueous buffer could reach the interface, and secondly if VSG
can spread on the water surface and form a stable monolayer. The
property of a protein which results in its presence at the air-water
interface from the bulk solution is called adsorption. A protein in
the bulk solution would reach the interface by a process of diffusion.
McRitchie (1978) has shown that there is a relation between the rate
of adsorption and the diffusion coefficient of BSA. The importance
of the property of adsorption resides in that not all proteins are
able to adsorb to the interface since it depends on the proteins'
ability to unfold (Colacicco et al., 1977).

The adsorption of VSG at the air-water interface was studied by
adding increasing amounts of antigen to the bulk solution and allowing
adsorption to take place for 60 minutes. The results of recording
surface potential and surface pressure are shown in Figure 5.10a. The
presence of VSG at the interface was detected early on by changes in
surface potential, even at 0.4 m2/mg (0.5 pg/ml); AV was 100 mV {not
shown). The effect of increasing the VSG‘concentfation is reflecteac

by a gradual and 1imited AV increase which reached a maximum vaiue of
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250 mV at 0.7 mz/mg; subsequent increase in VSG concentration did not
raise this value suggesting that no more VSG was incorporated at the
interface.

Two possible reasons for the fact that no increase in .V followed
the increase in the VSG concentration in the bulk solution are as
follows: (i) the formation of a first layer of antigen at the air-
water interface occurs with unfolding of antigen which is spread as
an insoluble monolayer of protein (Phillips & Sparks, 1980); (ii) an
equilibrium is established between the molecules adsorbed at the inter-
face and those in the bulk phase. With both procedures of adsorption
and diffusion of VSG to the interface a maximum surface pressure of
5 mN/m was observed. In a similar experiment MacRichie & Alexander
(1963) showed that after the formation of a BSA monolayer at the inter-
face, the rate of adsorption of BSA molecules from the bulk solution
decreased to values below those calculated from the coefficient of
diffusion, indicating the presence of an energy barrier to adsorption.

The second question is whether VSG at the buffer surface could
spread and form monolayers of VSG. From Figure 5.10a, it can be
seen that (a) the AV - A isotherm behaviour is similar to that obtained
for adsorption experiments, and the plateau was also reached at near
to 0.07 mz/mg; (b) the m - A isotherm shows that changes in surface
pressure were slightly higher than those observed in adsorption experi-
ments for the same range of VSG concentration (below 10 pg/ml). When
VSG was spread at the air-water interface and compressed, it showed
no differences in the m - A and AV - A isotherms (Figure 5.10b), com-
pared with when VSG at a final concentration of 10 ug/ml was added by

the first and second procedure described above. Also it is noteworthy

that the shape of the m - A curve does not correspond to that described




for an insoluble monolayer (Adamson, 1967, p. 95). Nevertheless,
spreading small amounts of VSG at the water surface at zero surface
pressure and after equilibration for 1 hour, the 7 - A curve obtained
under those conditions resembled that of an insoluble monoiayer.

The AV - A curve reached a value of 300 mV at 15 mN/m, which corres-
ponds to experiments using higher amounts of VSG (see above). The

7 - A isotherm, however, varied significantly between different mono-
layers even for the same VSG comcentration (Figure 5.10c). A possible
explanation for these results is that touching the buffer surface with
a very low quantity of VSG no emergy barrier is formed; i.e., surface
tension remains unchanged. Under those conditions the protein
molecule probab]y spreads and wunfolds more extensively (Benjamins gz_gl.,
19755 Phillips & Spark, 1980).

These studies show some of the properties of VSG at the air-water
interface. There was not, however, am exhaustive study of VSG forming
protein monolayers; for exasple the metaod ot rumit (1360) was not
used. 4In this respect these results cammct zcczunt for a detaiied
mechanism with structural changes of ¥SE& at tns interface. Nevertneless,
from those results when VSG was added to the tLsik solution or by
spreading on touching the water surface, tne foliowing can be deduced;
(1) VSG can adsorb at the air-water interface; (ii) it does not form
proper monolayers at least with the methodology used here; and (ii1)
the shape of the m - A isotherm suggests that VSG is expelled into the
subphase at surface pressure nigher than 5 mN/m, which is aiso suggested

by the AV - A isotherms.
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Fig. 5.10a

VSG was spread at the air water interface either by touching

121
the aqueous surface: (0) surface pressure and (@) surface
potential, or by injecting various concentrations of VSG into the

subphase: A surface potential and A surface pressure.

Fig. 5.10b

Force area curves of VSG (16 nmoles) spread at the air-water
interface either'by touching the 1iquid surface or by
injecting VSG into the subphase, (0) surface pressure and (8)

surface potential.

Fig. 5.10c

Force area curves of VSG (4 nmoles) spread at the air-water
interface by touching the liquid surface, (0) surface pressure
and (@) surface potential.

Subphase: 10 mM Tris-Maleic acid, 145 mM KC1, pH 6.8.
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5.4 Quantitative approach to the antigen-lipid interaction

The properties of the different lipid monolayers and the effect
of VSG on these properties has already been discussed qualitatively.
The quantitative study of lipid protein interaction has proved to be
of great value in this field (Bougis et al., 1981). Difficulties in
doing such studies involve several biochemical, biophysical and thermo-
dynamic principles. In monolayer systems the surface/volume ratio is
small = 1 cmz/] cm3 as compared to liposomes, 5 x 103 - 104 cmz/cm3
(Verger & Pattus, 1982). Thus only a small fraction of water-soluble
proteins with Tow hydrophobicity will bind to the Tipid monolayer;
high hydrophobicity will increase that binding. But to say how much,
requires a direct measurement of the amount of binding to the monolayer,
which is not straightforward, or an indirect assessment of binding.
Even using radiolabelled proteins, consideration of denaturation of
proteins adsorbed at the air-water interface not exchanging freely
with molecules in the aqueous phase has to be taken into account
(Phillips & Spark, 1980). Water-soluble protein molecules tend to
form aggregates and this association depends on the molecule hydro-
phobicity (Phillips et al., 1975a; Schubert et al., 1977). Non-specific
adsorption to the wall of the solid container also occurs (Verger,
1980). A1l of these difficulties have to be considered in any further |
consideration of the ratio of protein to lipid.

It seems important to clarify the use of the term ‘protein hydro-
phobicity'. This is not a thermodynamic definition, such as that
applied to amino acids; i.e., the difference between the standard

unitary free energy (uo - 1%) for tryptophan.is -3400 cal/mole at

org w)
25%C, that figure representing the additional free energy of transfer

for tryptophan from water to an organic solvent (Tanford, Chapter 7,




1973). The term 'protein hydrophobicity' is used on the basis of
amino acid composition and surface active properties. The relatively
high surface activity of a protein at the air-water interface is
expected from th% ratios of nydrephobic topoiaramino acids (Williams,
1979; Capa]dfﬁ?f%ji). The surface activity can be measured either by

spreading the protein alone at the air-water interface (Boyd et 21.,

1973; Phillips et al., 197%; Phillips & Sparks, 1980), or by studying
its interaction with lipid films and its effects on the lipid transi-
tion temperature (Papahadjopoulos et al., 1975; Colacicco, 1969;
Cardin et al., 1982). The use of the ratio of hydrophobic to polar
amino acids is not a sufficient criterion for evaluating protein
hydrophobicity (Morrisett et al., 1977), and it is considered in the

Discussion of this Chapter.

5.4.1 The Gibbs adsorption equation

The use of thermodynamic equations, particularly the Gibbs
adsorption equation in assessing the molecules adsorbed at the air-
water interface has received marked criticism from some authors because
of the disagreement between values observed practically and those pre-
dicted theoretically (Colacicco, 1970; Benjami???%%ﬁé; Evans et al.,
1976; Phillips & Spark, 1980). This has led to proposed modifications
on experimental (Pethica, 1955) and theoretical grounds (Alexander &
Barnes, 1980; Motomura, 1982). It is interesting to recall the
analysis of the thermodynamics of surfaces given by Willard Gibbs
(1928) (see Gaines, 1966, Chaptef 2; Aveyard & Haydon, 1973, Chapter 1
and Moore, 1978, Chapter 11). Considering a 1iqu1d in equilibrium

with its vapour, there is a region within which the density of ererzy,

matter and entropy undergoes a transition; this is known as the i-zer-
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facial region. The general tendency to minimize the free energy is
manifested for surfaces as a reduction in the area or a decrease in
surface tension, or both. In this system, the surface tension is the
force due to imbalanced molecular attraction which tends to pull
molecules into the interior of the liquid phase, and hence to minimize
the surface area.

In the Gibbs treatment the imterface is regarded as a mathematical
dividing plane (the Gibbs surface}. Tnis is illustrated in Figure
5.11. AA' is the boundary plame for tne phase a. The extensive pro-
perties of bulk a are unchanged wp to tne dividing surface, and for
the bulk g up to the surface BB°. * is an imaginary dividing sur-
face (the Gibbs surface) withim the jmterfacial region parallel to the
surfaces AA' and BB' in some arbitsawy position, designated by a
superscript s. It is a two dimemsiesal phase {has zero thickness and
volume) with an area A. The comceatratios of any component i up to
AA' is uniformly C? and any compoment i wp to BB', uniformiy C%.

From the conservation of the mass
_ a 2 S .-
nJ - nJ + Y\J + llJ --------- (‘3-2)

ny = number of molecules of compound O, the s.parscrict ipiizzirg
the phase.
The extension of the treatment in /5.2) can be appiiec o <7727

extensive variables of the system I.e.

3

u -[ua + u~] {surface energy}

g
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i (surface entropny]
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Gibbs defined the adsorption of component J at the interface zs
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The Gibbs dividing surface.
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Loo= YA e (5.3)

This quantity has the dimensions of a surface concentration and it
may be positive or negative in accord with nj.

The surface Gibbs function can be written

H

S T~ . S ~-
S°dT + vdA + T ngnJ ............. (5.4)
8

Hy = uj (condition of equality for
chemical potential)

des

At equilibrium, ug

and at constant T (5.4) becomes

s _ o T S
dG” = YdA + 3 .ym.J::Jm‘2 ............ (5.5)

Integrating (4) at constant ¥ and -3 gives

t-1
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G> = YA +

............

and differentiating (5.6) and comparimg with {5.5) gives
My+imjdéy=a
w
Dividing by the area (A) of the interface and introducing 73 (5.3)
dy = -ETJd;J ............ (5.8)
The latter is the Gibbs surface *tensiocn egustion. Eguation (5.8),
however, cannot be used to determine tne azsorption of each component
from the variation in y; this was resclvec oy Gibbs introducing the
idea of relative adsorption.

For a system of two components

dy = “Tjdu_ -Tdup  eeeeeeeeee (5.9)

If T, = 0 for that surface and I # G equation (5.9) becomes




$

- X
Tp.a = T ¢ e (5.10)

(5.10) is the Gibbs (relative adsorption isotherm. For a solution,

or in dilute solutions,

dy. =RT In cb .. (5.11)

b
where cb is the bulk concentration of the compound b, and (5.10;

becomes

R B .. 8y
RT £ Inc T - RT & cb

(5.12)
.

The applicaticn of the Gibbs adsorption isotherm (5.12) for solutions
containing synthetic polymers or biopciymers has given values which
differ significantly from the measured experimental surface excess

(T) (Colacicco, 1970; Phiilips & Spark, 1980). These authors,

however, have assumed that the adscrption of salt and water could be
neglected, which is one of the requirererts of equation (5.12), and
they also used protein concentration rather than activity, assuming
non-association of the protein molecules in the bulk phase. This
discrepancy is discussed by Phillips & Sparks (1980) and Graham &
Phi]lips (1979) for several proteins; and these authors have suggested
that the primary layer of protein is adsorbed irreversibly. Thus the
protein molecules appears not to exchange freely between the air-

water interface and the subphase. These observations lead to the

need for a re-examination of such theoretical and practical assumptions
in the application of the Gibbs (relative) adsorption equation.  Indeed
the adsorption of protein to an inso]ub]é monolayer in the presence

of excess of neutral electrolyte, present enormous difficulties becz.ze

it is not possible to control or measure the activity of the merciz e

component (Eley & Hedge, 1957). Pethica (1955) attempted a sciuzicn 10
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this problem by modifying equation (5.12), and introducing a factor

to correct for the presence of excess electrolyte,

a is the spread area per molecule for the insoluble monolayer before
adding the protein solution; a is the partial molar area for the
insoluble monolayer at the completion of the first layer of adsorbed

protein, calculated as the area occupied by a lipid molecule in a

pure lipid monolayer at the same surface pressure.

The final equation is

dm=pRTTAI0GE  eererrrennnns (5.14)

It is noteworthy that Pethica's egquation was used in the studies of
cholesterol film penetration by sodium dodecyl su]phate;’and that the
theoretical value was cicse to tme experimental one. Eley & Hedge
(1957) also applied the Gibbs equation {5.14},as modified by Pethica,
to studies of the adsorption of proteimns to croiesterol and stearic
acid monolayers, with a subphase of ionic strengtn 0.15 M. Alexander
& Barnes (1980), however, have criticisec the validity of Pethica's
modification to the Gibbs (relative) adsorption isotherm. The argu-
ments were theoretical ones and tne authors have derived a new
equation whose applicability has been restricted to the penetration
of cholesterol monolayers by sodium dodecyl sulphate. Any possible
application to a system containing lipid and protein would require
some other considerations such as reversibi]ity of the protein adsorp-
tion and its relative surface area occupied in the 1ipid monolayer

which are not discussed here. Another strong criticism was made by

Motomura et al. (1982) who objected that Pethica's equation is incerrect
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thermodynamically; however, the emphasis on such treatment of equation
(5.14) has been theoretical and lacks experimental support, making
further consideration difficult.

From the above discussion it can be seen that a definitive
equation for relative interfacial adsorption has yet to be acnieved.
Pethica's equation (5.14) appears to be the closest approximaticn
available and reasonably consistent with the experimental results.
Therefore the modified Gibbs adsorption isotherm (equation 5.14),
although the problems associated with it have not been completely
resolved, looks the most feasible relationship for calculating the
VSG adsorbed at an interface consisting of an insoluble monolayer of

Tipid and excess neutral electroiyte.

Penetration of 1ipid monciayers at low surface pressure by VSG 151

Monolayers of EYPC (18 mmol;, =2 {18 nmol} and CHL (25 nmol)
were spread at the air-water interface anc their stability checked by
determining the force versus area curves and the surface potential

1

versus area curves. The monolayers were compressed to 2 m.Nm~ ' and

allowed to equilibrate for 10 minutes; small variations of = 0.6

m.Nm'T

were observed. In particular, cholesterol was always the most
difficult film to set up; on the one hand it had the advantage that
contaminant surfactives produced a considerable increase of surface
pressure; on the other hand, because of its restricted compressibility
arising from its condensed state, the setting up of a monolayer at

low surface pressure took a long time. Adsorption of VSG at the air-
water interface in the presence of an insoluble 1ipid monolayer, was

carried out as follows. VSG was injected under the 1lipid film wiz

a subphase containing buffer pH 6.8, corresponding to the ¥SG iszezoiric
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point. Concentrations of VSG higher than 0.08 nmol/ml required about
2 hours to reach an equilibrium surface pressure (constant Am values).
It is noteworthy that addition of VSG by touching the 'air-{water)-
1ipid interface' yielded simiiar A7 values to those when VSG was
injected beneath the film (up to 1 _.g/ml or approximately G.Clc nmol/
ml). Any fixed amount of VSG couid be added as aliquots at intervals
up to 1 hour (monolayer exposed for not longer than 3 hours), and %he
Am value after the last additiom corresponded to that observed when
the total amount of VSG was 2ddad in one step. Figure 5.12 summarises
the results of film penetration oy various concentrations of VSG. The

net change in surface pressure is calculated using equation (5.1)

[ OMet = TLipid-¥ss ~ Tiizid (2 mdm ) J,

MLipid-VSG being the change in surface pressure after adding VSG at

the initial surface pressure with Tipic alone ("=ipid)‘

The inter-
action with cholesterol is about 4 times greater than that with PC or
PE at a 1:2 VSG:Lipid ratio; in addition the CHL curve reaches a
plateau at lower ratios of VSG:1ipid.

The point at which this curve becomes discontinuous was taken as
corresponding to the quantity of VSG required to form the first layer
(Eley & Hedge, 1956) and the values obtained are shown in Table 1(a).
Thé plot of the net change in surface pressure versus log ¢ (c is the
VSG concentration in nmol/ml1) also bermits calculation of dn/d log c,
the slope being that at the point of inflexion where a second layer c*

protein is assumed to become adsorbed (not shown). The calculatec

values for drn/d log c are shown in Tabie\](b); this slope was ussl =z

.."'-f'-
Ll

calculate the surface excess (I') of VSG in various lipid morc
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Fig. 5.12

Film penetration experiments. At an initial surface pressure of

2 mN/m various concentrations of VSG were injected beneath the
following films: ([ ) cholesterol, (A) phosphatidyl ethanolamine
and (0) egg yok phosphatidyl choline. Changes in surface pressure

(a7) was determined after 1 hr of incubation or until reaching stable

values.
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as shown in Table 1(b) at 20°C. The number of penetrating units of
VSG was calculated from the modified Gibbs equation as follows;

the average molecular weight of 63,000 VSG (from Auffret & Turner,
1981) contains approximately 548 amino acid units, and the mean area
per amino acid is 15 RZ (references given in section 5.4.2); then the

number of penetrating amino acids per molecule of VSG is given by,

(548 x 15) x {T) = Xo units.

5.4.2 Geometric Model

A further method for calculating the number of penetrating units
is by considering a geometric model. This model, which has been used
by Ely & Hedge (1957), is applied here with certain modifications.

In the original model it was considered that all the protein molecules
were adsorbed to the lipid surface. In this case, only the first
layer of VSG will be considered adsorbed at the interface. Available
surface area is defined as the total area of the trough minus the
area occupied by the complete packing of iipid molecuies. Then
assuming the average area for an aminc acia to be 15 RZ {Yamashita &
Bull, 1967; Phillips, 1975a; Shen et ai., 1977} a value observed for
completely unfolded proteins spread at tne air-water interface, the
antigen adsorbed at the available surface area (Rz/molecu1e) was
divided by 15 XZ and the resulting value represents the number of
units penetrating the 1ipid monolayer. The values for PE, EYPC and

CHL are given in Table 1(b).

5.4.3 The Lateral Compressibility Coefficient ()

The equation describing the Lateral Compressibility Coefficient,

defined by Bull (1964) 1is given by




Table 1(a) Lipid-VSG interaction

VSG s s % Partial Available
.. . VSG/Lipic net
Lipid First Layer ' o Area
(nmol) Molar Ratic mN/m (82)
CHL 2.2 1:11.4 18 3 x 10'°
PE 8.0 1:4.5 4 5.4 x 10°
16

EYPC 8.0 1:4.5 4 5.7 x 10
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5:-7]\- x B (5.15)

This coefficient, 6§, can be cajculated from the force VS area curve
of a moho]ayer film at the air-water interface by the use of the
above equation; A is the area of the film in mzmg'] (for a protein
monolayer) and 7 is in mNm |,

When the coefficient of laterai compressibility is plotted
against the area of the film a well-defined minimum is usually
observed. This minimum of compressitility corresponds to the smallest
area (limiting area) to which a film can be compressed without partial
co11apse-of the film occurring. For different protein monolayers the

2 mg-] (Colacicco, 13895 Phillips et al.,

reported value is 0.8 m
1975a)  Application of the compressibility coefficient to a mixed
system such as Tipid-protein allows the assessment of the interaction
between the components at both low and high surface pressure and, in
addition, the effect of introducing known variables; for example,
Tipids in different physical states, changes in protein concentration,
- denaturation etc.
et al.

Phillips /{1975b) has observed a relationship between penetration
of B-casein into phospholipid monolayers and bilayer membranes that
is dependent on the liquid-crystalline state. Enhancing the lateral
compressibility at boundary layers facilitates the insertion of the
hydrophobic protein (Phillips, 1975b; Op Den Kamp, 1974). Another
property of a lipid-protein system is that when adsorption of a
hydrophobic protein occurs partial or total denaturation can be

avoided, depending on the initial surface pressure (Verger & Pattus,

1982). Under these conditions, the protein conformation whick irzzr-

acts with 1ipids may correspond to its biological native for—.




Lipid monolayers were set up at an initial surface pressure

of 2 mNm_]

and VSG was added by touching the 1ipid surface; the
initial surface pressure was kept constant by moving the barrier of
the trough. The time allowed for interaction was 1 hour, and then

a force-area curve was determined. Care was taken with the compres-
sion of the monolayer, and the time allowed for equilibrium to be
attained was at least 5 minutes per surface area measurement.

The data for equation {5.15) were calculated as follows:

Ao is the available area after swbtracting that occupied by the lipid
molecules and dividing by the adsorbed YSG (Figure 5.13). In this
calculation complete adsorptiom of ¥S5 was assumed to have taken
place at the lipid-water interface. For this purpose approximate
concentrations of VSG capable of forwing the first antigen layer
beneath the 1ipid film were used {showm in Table 1(a)).

A complete set of data was produced from the force-area curve
of 1ipid-VSG monolayer and is expressed in the form of a plot of the
coefficient of lateral compressibility {I, = aN] versus surface area
per VSG (A, xz/mo1ecu1e). The & valuas for the mixed films of VSG
with PE and EYPC are shown in Figure 5.14.

The minimal surface areas fluctuate between 8 and 15 x ]0-3

mzmg— . in any case these values are far below those reported for
protein films at the air-water interface (0.8 mzmg']) (Malcolm,
1973). The minimum & value for phospholipids was best determined
with 0.25 mg VSG; if lower concentrations of VSG were used the dis-
placement of the force-area curve became too small to be measurec

accurately. On the other hand amounts of VSQ above 0.25 mg showec

less well-defined minima for the & values. The values of tota® sur-
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Fig. 5.13

The surface pressure of the 1ipid-VSG monolayer was determined
and is plotted against the area per mg of VSG. The latter
was calculated as the available surface area (the area left
after subtracting that occupied by the Tipid molecules),
divided by the absorbed VSG. The bar indicates the range of
curves which can be obtained using different concentrations of
VSG. For cholesterol the range was between 0.1 and 0.25 mg of
VSG, and from 0.2 to 0.50 mg of VSG for phosphatidyl

ethanolamine and phosphatidyl choline.
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Fig. 5.14 (a) and (b)

The coefficient of Tateral compressibility (&) was calculated
from the slopes of the force-area curves for phosphatidyl
choline-VSG, phosphatidyl ethanolamine~VSG and cholesterol-VSG
monolayers, using equation (5.15). The total surface pressure
for VSG at the surface area per VSG corresponding to that of
the minimum lateral compressibility was estimated using

Fig. 5.13.
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face pressure corresponding to the minima in the value of § showed
a wide range of between 6 and 16 m/mN for PE and EYPC. As expected,
these values increased as the ¥S6 concentration was increased.

The minimum lateral compressibility values for the cholesterol-
VSG interaction and the corresponding values for surface area per
molecule of VSG are shown in Figure 5.14(b). These minima were
exhibited when optimum quantities [0.1 to 0.25 mg) of VSG were used
in these mixed monolayers. If guantitites higher than 0.25 mg of
YSG were used the minimum (3} vaiue was not clearly shown in the
plot of the coefficient of lateral ccmpressibility against the sur-
face concentration of antigem. On the other hand, the use of concen-
trations of VSG lower than G.1 mg, though permitting the calculation
of minimum (§) values, showed great variability even for the same VSG
concentration. In contrast to tme observation in the experiments
with phospholipids, the surface comcentration of VSG in the choles~
terol monolayers showed minime located zimost at the beginning of
the curve. This may be interpreted as gue to the complete saturation
of the available area by ¥S6. The =inima occur at a surface pressure
of 7 to 9 nM/m (from Figure 5.8.a}}. Tne area of VSG inserted into
Tipid monolayers equivalent tec tne minimum value of & can be derived
by transforming mz/mg into ngmn]ecu]e. This operation can be per-
formed by multiplying the observed area (mz/mg) by a conversion
factor of 10459 (Xz/molecule). The surface areas per molecule of
VSG inserted in the monolayer obtained by this method for PE and EYPC
range in value between 120 and 150 Rz/mo]ecuie at § values 0.05 to

0.06 m/mN. The number of equivalent amino acid residues insertec

could be calculated by dividing the surface area per molecule of \SG




by 15 RZ. The average values are shown in Table 1(b).

The surface area for VSG molecule inserted into the cholesterol
monolayer shows a much wider range of 84 to 160 Ez/molecule; and
the equivalent number of amino acid residues inserted are 6 to 11

per protein molecule.

5.4.4 The relative increase im area (R.I.A.)

An alternative method for calculating VSG surface area inserted
into a 1ipid monolayer is the relative increase in area (RIA). KIA
is defined as the increase im swrface area per lipid molecule con-
tributed by VSG at the same surface pressure as the 1ipid monolayer
alone. From the force area curwes for 1ipid alone and in presence
of VSG, this difference was measwwed at a surface pressure of 10, 15

1

and 20 mNm~'. The plot of the relatiwe increase in area against

the mole fraction of VSG was a straight lime for PE and EYPC (0.18

to 0.5 mol fraction). The limearity for ;hn%estero? monolayers,
however, was more restricted, 3.006 to 8.03 mol fracticn {Figure
5.15). The slope of each straigat lime was taker 25 the surfece area

- - :
L]

occupied per VSG molecule and im Tabie 2 these c2iZuiations

w

[18)

re s
marised. Also, the effect of surface pressure in reducing tns arez
occupied by VSG is shown as a percertace reduction in parentheses.
The number of amino acid residues was calculated from the area per

molecule at a surface pressure of 10 m.m ' and these are also shown

in Table 1(b).

5.4.5 Miscibility within the film-forming molecules

I have adopted a very similar approach for estimating the sur-
face area of VSG inserted in the lipid monolayer to that of Smezy &

Brockman (1978). Although these authors did not use a lipid-trizein




Fig. 5.15

Relative imcrease in area (RIA) is defined as thé increase in
surface area per molecule of 1ipid contributed by VSG at the
same surface pressure as the 1ipid monolayer alone. From Tipid
force-area curves and 1ipid-VSG force-area curves RIA was
measured as follows: |
Cholesterol at (0) 10, (A) 15 and (@) 20 mN/m.
Phosphatidyl ethanolg?ne at (3) 10, (X) 15 and ()
20 mN/m and phosphatidyl choline at ( [J) 10, (X) 15 and
(A) 20 mN/m.
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Table 2. Relative increase in area
Lipids Relative increase area (Rz/mo1ecule)
( mN/m: 10 15 20 )
CHL 96.8 85.9 36
(11%) (63%)
PE . 36.4 25.7 22.2
{29%) (39%)
EYPC 38.5 32.7 23.7
(15%) (38%)

Calculation of the relative increase area (RIA) for each V3G mole

E fraction is indicated in legend tc Figure 5.15. The slope of the
linear part of the plot RIA versus %SG moie fraction was calculated
for surface pressures of 10 mf/m, 1% mN/m and 20 mi/m. The percen-
tage values into brackets show now the original area at 10 nM/m is

reduced by increasing the surface pressure.




system, several of the arguments that they applied to the triolein-
cholesteryl oleate system are valid for a lipid-protein system.

First of all, the requisite of miscibility (see section 6.1) is ful-
filled by lipids and VSG at the air-water interface, thus the expan-
sion of the lipid m - A curves shown in Figures 5.6, 5.1b and 5.8a

is due to the presence of VSG. Tne © - A isotherms in presence of
VSG indicates that m is a continuous function of the film area, which
indicates that the spread film is homogenous (van Deenen et al.,
1962; Gershfeld, 1974; Cornell et ai., 1979). Furthermore the varia-
bility of the critical surface cressure according to the 1ipid-VSG
ratio (Figure 5.16a) can be interpreted as the result of miscibility.
Another indirect piece of evidence is that VSG has a certain

mobility on the external parasite surface as detected by Barry (1979)
who demonstrated the “"capping" of VSG. Secondly, the criterion of
the critical surface pressure, which is tre point at which V3G is
ejected from the monolayer, can be estimated from T7-A curves.

The last criterion of equilibrium between lipid and antigen at
the interface is fulfilled by the 1ipid-VSG 7-A curves. Thus, com-
pression and expansion are reversible indicating that VSG molecules
remained adsorbed. Therefore, for such a miscible system at equili-
brium, a plot of the negative 10910 of the mole fraction of VSG
versus critical pressure should be linear for values of the mole frac-
tion over which the activity coefficient of the component is constant

(Smaby & Brockman, 1978). The slope of such a line should be

2.303 RT/AC ............ (2.7%,

AC is the molecular area of VSG at its point of ejection froz= ==

monolayer. R is the gas constant, and T is the absolute zsm=-zI.7¢
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Fig. 5.16a
Determination of critical surface pressure (ﬁﬂcritical)' AT pitiez
is defined as the total surface pressure at the discontinuity of ==

. is the
Tinc s

plot Am versus increased surface pressure (ﬂinc).
total surfacé presssure of VSG and lipid detefmined from force-aree

" curves. Aw is the difference between the surface pressure of the
VSG-1ipid lﬁno]ayer and the surface pressure of lipid monolayer
measured at the same area per molecule of Tipid (equation 5.1).
Cholesterol-¥SG interactions were determined at the mol ratio of
cholesterol:¥S6 (0 1:15, ([3J) 1:30, (8) 1:6 and (A) 1:3. Phospha-
tidyl ethanolamine:VSG (x) 1:4.5 and (@) 1:1. Phosphatidyl

choline:VSG (A) 1:4:4 and (@) 2:3.

Fig. 5.16b

Plot of Aw versus the negative logarithm of the mol fractic~

critical
(1ipid/VSG) for (0) cholesterol, (A) phosphatidyl choline and (C

phosphatidyl ethanolamine.
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(7K). The value of the critical surface pressure (ﬂcritica1) for

interaction of VSG and 1ipid at the interface could be obtained
from the plot of Am versus increased surface pressure (Winc)'

Am was defined at the beginning of this, Chapter in section 5.1.1;

is the total surface pressure ("Li gt Am) due to VSG for the

. .
inc p1

same lipid molecular area.

The graphs (Figure 5.16a; show that a plot of AﬂVSG versus

e exhibits a discontinuity at 2 certain Tinc: It could therefore

be assumed that such discontinui<ies are due to the exclusion of VSG,

and that the total surface pressure /=. ) at which the process

inc

occurs is the critical surface pressure (Ancritical)' Figure 5.16b

shows how Aw increases as ¥SG concentration is raised. For

critical
phospholipids saturation is not anparent even at a molar ratio of

1:1. For CHL, Am 1 exhibits higrer values than this even at

critica
a molar ratio of 1:156 which means 40 -imes iess antigen is needed
for the same number of lipid molecules as ccmpared to phospholipids.
~ Also saturation is suggested by the data at a molar ratio of 1:6.

The equation (5.16) suggested by Smaby & Brockman (1978) was
applied to the slopes computed from the data of Figure 5.16b. Hence,
the surface area per molecule of VSG (AC) inserted into the lipid

monolayer were as follows (Rz/molecule): 161 =+ 1 for cholesterol

monolayers; 130 + 3 for PE monolayer and 90 + 2 for EYPC monolayer.

5.4.6 Interpretation of surface dipole moment for lipid monolayers

in presence of VSG

When a 1ipid monolayer is spread on a clean water surface the
water dipoles at the surface are re-orientated around the dipcles ==

the film-forming molecules. The relationship between surface zoz=--

PRCI—

tial and dipole moment is established by the equation, exci.zi-:




i1ad
double layer effects

A= Amul o e (5.17)

n is the number of dipoles per area according to Davies & Rideal
(1963, pp 72). The equation {5.17) likens the film to a parailel
plate condenser. n is the number cf dipoles per unit area (cmz];

ul is the surface dipole moment. .1 is assumed to be due to an
intrinsic moment (ﬂ) making some angie with respect to the monoiayer

director normal to the interface.
Wl o= LS & e (5.18)

So, for the film-forming moiecules, the surface dipole moment (1)
is the overall dipole moment in 2 direction perpendicular to the inter-

face, resulting from:

W= ol il v ol

where ulq is the contributicn from tne sriented water molecules,
plz from the polar head group, and ;13 from the hydrocarbon chains.
(See schematic representation in Figure 5.18).

Although equation (5.17} has certain limitations as discussed by
Gaines (1966, pp 189), it refiects in general the average of the sur-

face dipole moment which for an un-ionised monolayer becomes,

pl = AvA/12m {milli Debye units, MD)  ...... (5.19)

0
Ain A2 per molecule; Avin millivolts.
When monolayers are composed of ionic molecules their behavicur

is different from those of neutral films. The balance between inter-

molecular forces in the film and the forces between the subphase zr:
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film-forming molecules which exists in a neutral fiim are affected
when the molecules comprising the monolayer are charged. The factors
affecting this balance are:
(i) the direct electrostztic repulsion or attracticn anich is
opefating within the film, and between the film and subprzse;

tion

(3

(1j) the presence of counter-ioms introduced by the cissccs
of the ionic compound, when it is spread, which maintains tre = zztrical
neutrality of the entire system.

The presence of these ccunter-ioms amd the charged insclucie <110
establish an ionic double layer. ¥cdels 2F <me doutle layer 2rz s-sam
in Figure 5.17, and are furtner discussed Sy Zzvies & Sizez’ 23,
pp 75), Aveyard & Haydon (1973, Chapter 2) and Moore {:
The former authors applied the modified model of Gouy & Chapman to ionised
monolayers. In this model the relationship between surface potential
and dipole moments includes the electrostatic potential (¥) due to the

contribution of ions, and was summarised by Davies & Rideal (1963) as:

Av = 4ﬂnu1_+‘¥AB ............. (5.20)

The first term is the conventional expression for the surface dipole
moment and YAB represents the potential difference between the surface
(A) and the bulk of the subphase (B); WAB may be substituted by WO
which is the potential difference at the interface.

v o= AT s —= (5.21)
(2C1DKT/ﬂ)§
Ci is the total -univalent electrolyte concentration in moles pe-
litre.

K 1is the Boltzman constant

T is the absolute temperature




e is the electronic charge
D is the dielectric constant cf the medium (for water D = 80)
e 1is the charge density per =

At 20°C the equation (5.21; can be simplified to

g, = 50.4 sl Fack ) '2.22)

where Ci is the molar concentration of salt in the subphase, A is tne
area per charged group and g is in millivolts.

It is interesting to mention the axtension of the applicability
of double layer theory to the study cf the screening effects of both
monovalent and divalent ions ¢n 1ne curface potential of charged
phospholipid bilayers inferred from conductance measurements by
McLaughlin et al. (1971;.

The 1ipid monolayers usec ip trzse zxseriments had not net charg
(i.e. were jsoelectric) and pi may o€ calcuiated using equation
(5.19) throughout the range of compressicn af the lipid monolayers;
however, at high surface area per molecule it was not possible
because of fluctuations in Av. Evidentiy, the VSG contribution to tt
surface dipole moment is minimal for phospholipid monolayers as showr
in Figure 5.17. At large surface areas per phospholipid the ul value
were not very different from those observed in presence of VSG.
Owing to the characteristics of condensed films pl becomes highly
variable at higher surface area per cholesterol molecules than 50 22
The addition of VSG to that film at high surface area practically
abolished the fluctuations in mV. Its contribution to the value c*
ul is shown in Figure 5.17. VSG contributes to the resultart S.TRS

dipole moment at high surface areas, but the contribution is ziwtT

shed gradually as the area per molecule is reduced. It °s nosItTos



Fig. 5.17
Rasyultant dipole moment ( pl) was caleulated using equation (5.19),
gsg Table 5.3. The monolayer composition was as follows:
Cholesterol:V5G mol ratie 1:6.
Phosphatidyl choline:VsG mel ratio 1.5:1.
Phosphatidyl ethanolamine:VSG mol ratio (<) 1:1, ([ 72dl

and (x) 1.5:1.
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that some amino acid side chains reach the air boundary contributing
to Uz; and the reduction of k1 5 similar values at the limiting area
for cholesterol may indicate the siection of VSG or its hydrophobic
side chain from the cholesterci monclayer. Ergosterol films gave
similar results in the presence of VYSG.

The reduction of the area per molecule of lipid occurs togetner
with an increase in surface potemtial equivalent to the reduction cf
the surface dipole moment. The imcrease in Av reaches a constant
value in the proximity of the limiting area (v 40 22 per sterol
molecule).

Thus, the surface dipoie moment was calculated for the lipid
monolayers alone, and in the presence of antigen, at the corresponding
area per molecule where ‘v showed constant values. The pl values
shown in Table 3 were calculated for z WSG:sterol ratio of 1:6, and a
VSG:phospholipid ratio of 1:6. For crolesterc! monolayers the range
of the ratio of VSG:CHL between 1:6 and 1:31 showed values for surface
dipole moment within the average value given in Table 3. For PE and

EYPC, the average VSG:phosoholipid ratios from 1:4 to 1:1 yield ul

values similar to the average valuz shown in Table 3.
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Table 3 Contribution of VSG to resultant surface dipole moment

(u1) of Tipids.

Lipids ul (mD)

Without VSS With VSG
SBPC 620 + 40 577 + 30
DMPC 698 * 43 706 * 21
DOPC 767 + %2? 652 + ND?
DPPC 523 + 12 540 * 50
EYPC . 746 * BC 698 + 100
CHL 411 = 3 ’ 400 * 27
ERG 517 *+ 15 538 + 46

(SBPC, soybean phosphatidyl choline; DHPC, dimyristoyl phosphatidyl
choline; DOPC, dioleoyl phosphatidyl choline; DPPC, dipalmitoyl
phosphatidyl choline; EYPC, egg yolk phosphatidyl choline; CHL,

cholesterol; ERG, ergosterol).

Equation (5.19) can be rewritten as

Wl = 0.0265 x mV x A7

A molar ratio of VSG : §tero1s of 1 : 6 was used. For phospholipids
it was VSG : phospholipid 1 : 4.

The composition of the subphase is described in the Material and

Methods Section; pH was 6.8.

a) This value is the average of 2 determinations, the other vz7.zs

are averages of 3 determinations each.




5.5 Discussion

5.5.1 Some properties of phospnolipids and sterols at the air-water

interface

Although there is a vast literature describing the stusdy of the
properties of lipid monolayers at the air-water interface, it was
considered important to establish a system of reference for vSG. From
the force-area (m-A) and surface potential-area (AV-A) curves for
phosphatidylcholine, a limiting surface area of'GO/i2 per molecule
was calculated. This is in agreement with that reported in the iitera-
ture (Demel & De Kruyft, 197€; Barenholz, 1980). For natural
phosphatidy1cho]ine, however, trnis value as reported from one labora-
tory to another varies partly because EYPC has a variable composition
depending on diet fed to the bems consisting mainly of 1-paimitoyl-2-
oleoyl phosphatidylcholine mized with other PCs containing different
fatty acid substituents {Huang, 1977; Ladbrooke & Chapman, 1969;
Klein, 1970b) The other contributory factor is the difficulty in
measuring the collapse pressure accurately. Egg yolk phosphatidyl-
choline possesses a large proportion of long saturated hydrocarbon
chains and has a high collapse point thereby making the measurement
technically difficult (MG]Xer-Landau & Cadenhead, 1979, Part 1). Thus
the limiting surface area for phospholipids described in the literature

T which

has sometimes been determined at a surface pressure of 30 mNm~
is below the collapse pressure (Demel et al., 1972).

The effect of unsaturation on the shape of the m-A curve is
demonstrated by comparing EYPC (Fig. 5.1, SPC (Fig. 5.2) and DOPC {7iz.

5.3), all of which contained unsaturated fatty acids (i.e. C18:0,07z:7,

———

C18:2/C18:2 and C18:1/C18:1 respectively). Amongst these, only Ii=:
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exhibited a more compressiblie s-A curve, possibly because it contained
only one molecular species, whilst the other two phospholipids are
mixed as regards species. These observations are supported by Demel
et al. (1972) who have demonstrated that the Timiting ares for 1,2-
distearoyl phosphatidylcholine wRs 4232, whilst for 1-stearoyl-2-oleoyl
phosphatidylcholine the value was GTRZ. Furthermore, the intrcduction
of multiple double bonds, i.e. polyunsaturation, into the fatty acic
chains increases the molecular area to 7632. The shape of the w-A
curves for unsaturated phospholipids contrasts with that of either
DSPC (C18:0/C18:0) or DPPC {C16:0/C16:0) both of which are completely
saturated. These latter phospholipids form condensed monolayers at
room temperature (See Fig. 5.5j.

Another important factor which governs the 1ipid physical state
at the air-water interface is the length of the saturated hydrocarbon
chains of the phospholipids. Phospholipids containing C10:0/C10:0,
C12:0/C12:0 and C14:0/C14:0 show 7-A isotherms corresponding to
expanded monolayers; but by increasing the number of methylene (-CHZ—)
groups in the hydrocarben chain frem C16:0/C16:0 to C22:0/C22:0, it
is possible to observe the transition from expanded to condensed
monolayers at room temperature {Pnillips, 1972). The elegant work of
Phillips & Chapman (1968) demonstrated for DPPC that there is a corre-
lation between temperature and the physical state of the lipid film.

A monolayer of DPPC could exist in all the classical monolayer states
when the experimental temperatures are varied above and below its
transition temperature (Baret et al. (1982). The polar head groups

have been found to play an important part in these phase transiticrs.

Hence eight phases were observed for insoluble fatty acid monola.z~s

in a temperature range between 3° and 40°C (Baret et al., i3EZ, .
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Sterol monolayers showed the characteristic force-area curves
for condensed monolayers (Figs. 5.8a and 5.9). The diffefence in sur-

face area between an initial low surface pressure (v 2 mNm']) and

that at the attainment of a high surface pressure (20 mNm']) is
approximately 3A2. For an EYPC monolayer the surface area for this

range of surface pressure is approximately 2552.

5.5.2 Behaviour of VSG in momolayers of phospholipids and sterols

The addition of VSG to phospholipid monolayers produced a dis-
placement of the Tipid force-area curve and a less pronounced displace-
ment of the surface potential-area curves. In these experiments VSG

was spread at the interface containing the phospholipid monolayer, so

that the m-A curve for lipid-¥SG6 may be compared quantitatively with
that for lipid alone. The increase in surface pressure at the séme
area per lipid molecule due to the presence of VSG (AWVSG, see Sections
5.1.12) can be ascribed to the insertion of either a part of, or the
entire molecule of VSG into the iipid film. This value for the change
in AWVSG reached a maximum value (Fig. 5.16a) which was taken to
represent the critical surface pressure for the VSG-1ipid mixed mono-
layer. The force-area curves for various phospholipids in the presence

of VSG were very similar. Nevertheless, Am for dipalmitoyl

critical
phosphatidylcholine was found tc be higher than for other phosphatidyl-

cholines (Table 4). Thus, with the exception of DPPC, the difference

1

between AT for each lecithin was less than = 2 mNm .

critical
The interaction of VSG with sphingomyelin was extremely weak and

gave the Towest Am values. As a consequence, these values navs

critical
not been shown in Table 4 because AWVSG was- too Tow to permit such

calculations. Hence sphingomyelin monolayers may be taken as 2 rezztive




Table 5.4 Critical surface pressure for the interaction of VSG with

different lipid monolayers

=iplde chritica! fﬁﬂgg
DPPC 20.6 10.6
DOPC 14 4
DMPC 23.4 7.4
SBPC 15 5
EYPC 14.2 4.2
PE 21 5
CHL 29 F_
ERG | 22 a8

For Tipid abbreviation see Table 3.

The critical surface pressure iLTcritical) is defimed as the total

surface pressure at the discontinuity of the plet & wersus - see

inc (
Fig. 5.16a). The total surface pressure, @r imcreased swrface pressure
(‘IT_mC) 1s the sum of ”Hpid and the surface prescare dee to YSC {.*:VSG)

measured at the same area per molecule of lipid. Voar "5 deternined

-

from force area curves for lipid monclayers is presemce of VSE. Tre
net surface pressure (Aﬂnet) is the surface presswre dae te ¥SG 2° tre

point where Am occurs.

critical
Details of these procedures are given in Sectiom 5.4.3.

The antigen was added at a molar ratio of 1SG:lipid of 1:4, o -%,

with the subphase at pH 6.8.

(R

Wi




15

control showing no significant interaction with VSG. From the results
shown in Fig. 5.7, it could be inferred that there is no mixing
between VSG and SPH molecules; and, significantly, at near to zero
surface pressure, VSG was not adsgrbed at the interface. The ability
of VSG to adsorb at the air-water interface has already been demon-
Strated (Section 5.3). The reswlts with sphingomyelin monolayers,
therefore, suggest the possibility that there exists a functional
group in the spingomyelin molecwle which repels the hydrophobic resi-
dues of VSG. This chemical gromp amld be the spingosine chain; the
polar phosphorylcholine group beimg discounted since it is common to
both‘spingomye1in and phosphatidylcelimes. Colacicco (1970)
observed a siﬁi]ar result of som-pesstration of spingomyelin monolayers
by the v-globulin from rabbit; amd e preposed a mechanism of 'binding-
inhibited penetration' fer su-h system. Accerding to this mechanism,
the protein binds to the lipid hydraghkilic growps which extend into
the subphase; and the bound protein bledks the rewtes of access to the
interface, thus the resultant interfacial s-R isethers is not altered.
Although there has been no further evidesce in support of nis mechanism,
it is considered here because of the similarity cf the ixteracticr of
VSG with spingomyelin monolayers. Furthermore, this is relevers in the
light of new information for the structural arrarcomemts -< somimgo-
myelin and phosphatidylcholine at the air-water irterfzze 75— cgesd

below.

The differences between sphingomyelin and lecitrin 2% <rz ir<ge

(831

faciae region are very consideratle as snown in Fig. 5.18. For ~os-

phatidylcholine the interface inc]udés, Carbon atoms 1, 2 arc =

&
-

h

o

glycerol backbone, and the components of the two ester boncs Tiva g




the acyl groups (Huang, 1975; Seelig, 1980). 1In sphingomyelin, this

region contains the amide bonga and the primary amino group on Carbon

atom 2 in addition to the hydroxy1 group on Carbon atom 3, and also
possibly the trans-double bound between Carbon atoms 4 and 5 of
sphingosine (Barenholz & Thcmpsor, 1980). Hence the difference between
spingomyelin and lecithin is that spingomyelin, at the interfacial
region, exposes the hydroxyl growp and the amide groups both of which
are important hydrogen bond domors. Cther hydrogen bond donors in
this region are the ester carbomyl croups of phosphatidyl choline. At
this interfacial region the hydroger bonds formed by the donor groups
of these lipids could be expected to be very strong. Hence the
hydrogen bonds between tnexr amd protein acceptors will be stronger
than such bonds formed in an dquesws medium (Huang, 1977).

The concentration of ¥SG used in these experiments was low enough
to avoid the formation of dimers {(Awffret & Turner, 1581). Increasing
the pH from 6.8 to 8.0 (VSG]S] isoelectric point 6.5} could be
expected to increase the nuzber of momomers thus increasing ths oroba-
bility of interaction of VSG witm spingowyelin moncliayers. Ir zZdition,
there appears to be no restriction om +his inzsracti-r TrcLsT
electrostatic forces as shown 5y the recuctizn in Scnic Strengir from
0.157u to 0.017u which did not ennance the interaction (Section 2.7.7 .
Using radio-labelled antigen, nowever, it was demonstrated thz: 32
is adsorbed to sphingomyelin monolayers, tnus suggesting tnat zlzrzuz-
adsorption occurs, VSG is unable to reach the hydrophobic sites <<

phospholipid molecules. In view of the discussion above, this szsery

tion could be interpreted to mean that some interacting groups - 433

‘=

establish hydrogen bonds with spingomyelin molecules thereby rizzir

-



Fig. 5.18

Schematic representation of the interface region of the bilayer
composed of phosphatidyl choline and cholesterol. The planarity

of the structural element - COC]OC2 - is shown. The formation of
the hydrogen bond between the cholesterol 3g-hydroxyl group and the
phospholipid carboxyl group is outlined by broken line. Sphingo-
myelin (SPH) exposed at the same interface as the amino group and

the hydroxyl group which are hydrogen donors. After Huang (1977)
and Barenholz & Thompson (1980).
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a spatial restriction on the kydrophobic groups on VSG which are thus
prevented from penetrating the interface. Surface adsorption of
protein molecules without penetration into a lipid film has been
observed by Papahadjopoulos but he did not attempt to explain the
mechanism of such an interactionm {Papahadjopoulos, 1975).

In contrast to the above system, the interaction of VSG with
sterols was clearly stronger than with phospholipids. It was cbserved
(Fig. 5.12) that the available surface area of a cholestero] monolayer
is practically saturated with ¥SG at a molar ratio of 1:5 (VSG:
cho]estéro]). At similar ¥SG-phospholipid molar ratios, appreciable
changes in surface pressure were observed, but the values of critical
surface pressure for the ¥S5-chclesterol system are about four times
greater than the average values for VSG-phospholipids (Table 4).

Although the interactiom of ¥S& with ergosterol was much stronger
than with phospholipids, it displayed a critical surface pressure for
below that measured for cholesterol. Similar observations were also
made in experiments of the pene:ration of ergosterol and cholestero]l
monolayers by VSG (Section 6.2..

Studies of the VSG-lipid interaction using surface potential
versus area curves suggest a qualitative difference between the inter-
action of VSG with phospholipics and that with sterols (Figs. 5.8a,
5.1b and 5.6). Hence at large areas per cholesterol molecule (v 6OA2)
AV fluctuated considerably and could not be measured accurately. In
the presence of VSG, however, a stable surface potential was obtainecd.
When the mixed VSG-CHL monolayer was compressed to the limiting arez
of cholesterol (393 )» the AV reached values (3.60 £ 20 mV) whicr
were similar to those obtained for cholesterol at that area.

In phospholipid monolayers a stable surface potential cculiz ce

measured until a high area per molecule (v 9OA2) was reachec 'Fig. 5.1b).
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The presence of VSG increased thet valuye by approximately 30 mV; and

when this film was compressed ta almost the Timiting area the surface
potential decreased to values which were 20 mV below tnose obtained for
the phospholipid alone. An attesmpt to assess the contribution of Vsg

to the surface potential of nossholipid monolayers was carried out

by plotting the increment in tre surface potential S(AV) versus the

area per lipid molecyle, The increment in my was taken as the difference
between two subsequent values starting from the value at which 4V was
stable.

The plots of §(aV) versus area for phosphatidy]cho]ine and

cholesterol are shown in Fig. 5.19. This treatment shows that during

the interaction of the fila-forming molecules (Tiquid phase) the
increment in my is directly prooortional to the reduction in area per
Tipid molecyle. This lirearity wgs m2intained in the presence of VSG,
although the S(AV) values were less tran those measured for Tipids
alone. These observations argyée in favour of miscibility between VSG

and lipid molecules (see Gzines p- 281, 1966). A further explanation
for the reduction in 3{2V <q tre presence of VSG is discussed below.
From these results it can e deduced that VSG makes a significant

contribution to the surface sotential of cholestero] monolayers; but

it only does so at high area ser cholesterol molecule., In phospho-
lipids, however, this contribution is considerably less, and leads in
fact to negative values at areas very close to the limiting surface

area of the phospholipid molecule. A detaijled explanation of this
observation cannot be given in terms of surface potential alone Sirce

the Tatter is 3 complex variable function of the number of dipgles -=r
area, the dipole moments of molecules at the interface, the elec=rizal

double layer potential and ionic strength. It was found mcre ZZrvenient

4
(M)
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Fig. 5.19

The linear plots of &(AV) versus area per molecule of 1ipid are

shown for the interaction of VSG with phosphatidyl choline and
cholesterol. &(AV) is the increase in surface potential starting
from a known surface potential value at a designated surface area

as the surface pressure is increased.
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to express these results in terms of surface dipole moments (Section
5.4.6). As shown in Fig. 5.17 the contribution of VSG to the surface
dipole moment of phospholipids at large surface area per molecule is
not large. Moreover, compressing the VSG-phospholipid fiim results
in values below those for phospholipid alone at a surface area of 70&2.
Whether this reduction in surface dipole moment is due to the exclusion
of dipoles from the interface or to the perturbation of phospholipid
polar groups of VSG is difficult to evaluate from the present data.

On the one hand the possibility of the exclusion of phospholipid
dipoles is not supported by the force-area curves; and on the other
hand the possibility that at a high surface pressure (30 mNm—]) VSG
could displace EYPC to the subphase seems improbable. The reason for
this derives perhaps from the thermodynamics of the system since the
compound having the highest equilibrium spreading pressure (phospha-
tidylcholine) will preferentially adsorb at the interface (Gershfeld &
Pagano, 1972). On the other hand evidence from other monolayer
systems shows that modifications in the polar head group have a pro-
found influence oﬁ surface dipole moments. Thus ganglioside, a
sphingolipid containing two to three sialosyl groups, contributes to a
higher surface dipole moment than those containing one sialosyl group
(Maggio, 1978).

From the results discussed above the preferential order of inter-
action of VSG with lipids is cholesterol ¥ ERG >> PE = PC > SPH.
Apo A-I, a purified plasma lipoprotein, has been demonstrated as
having a similar order of affinity for lipids (Camejo et al., 1968 .
A], a basic myelin protein, manifests a different pattern, however,
the order of its affinity for lipids beiné:

cerebroside sulphate > PS > PE > cholesterol >PC (London et 2l.,

1974; Demel et al., 1973).




553 VSG alone at the air-water interface

These studies were aimed at determining the adsorption charac-
teristics of VSG at the interface in the absence of lipids. The
adsorption was measured as a change in surface pressure and surface
potential. Comparison of the results from VSG spread on the water
surface, and VSG injected bemeath the surface into the bulk solution
showed the adsorption to be less pronounced in the latter condition.
This discrepancy could be ascribed to the amount of protein adsorbed
at the interface, which may be different for both methods. The
number of molecules adsorbed at the interface in the spreading techni-
que is probably more than that due to diffusion from the bulk solution
(Trurnit, 1960). This is probably because under these conditions com-
plications arise due to: (i) wmavoidable losses by adsorption onto
the walls of the trough amd {ii) the very long time taken for diffusion
of all protein molecules to the isterface {MzcRitchie, 1978). The
results for both technigues shomm in Fig. 5.12a are consistent with
the above interpretations. Hence the —-A isctherz for the surface-
spread VSG showed va]ue; of surface pressure which were 2iways higher
than those for VSG injected inte the bulk solution. This difference,
however, was no longer apparent at values of 0.01 m2/mg and above.

Due to insufficient data on V¥SG monolayers, further comparison with
other protein monolayers is difficult. Nevertheless, the assumption
made by some investigators that the interaction of protein with 2
1ipid monolayer is inhibited when the surface pressure reaches thre
same value as the collapse point for the protein monolayer (Morse &
Deamer, 1973) needs to be re-examined because protein at the inter-
face loses most of its secondary and tertiary structure (Malcci—,

1973; MacRitchie, 1978). As a conseguence, the number of exposed
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hydrophobic side chains at the interface is not necessarily the same
with protein alone and with linid present.
Although the conformation adopted by proteins in mixed lipid
monolayers is in general not known, evidence from the recombination of
DMPC and DPPC vesicles with tme glycoprotein, apo C-III at 23° and 41°
respectively indicates that the protein undergoes a sharp increase in

helicity in the presence of these iipids (Pownall et al., 1977).

554 The ratio of hydrophobic to charged amino acids

Capaldi & Vanderzooi [i372) suggeséed that there is a relationship
between the surface activity of a protein and its amino acid composi-
tion. The hydrophobicity of preteins could be categorized by con-
sideration of the ratios of bydrophobic to charged amino acid residues
on the one hand and the surface activity associated with their strong
reversible self-associatiom. Williams (1979) used the ratio of
hydrophobic to charged amimo acid to examine factors affecting the
ability to maintain the folding of a pretein in solution. He observed
that proteins with a high ratie ef Eydropihobic tc charged amine acids
constitute a group of proteins which can foid wiznout tne ad<ition of
co-factors such as calcium icns or raes. The clchuier croteins, for
example, pig elastase, papain and iysozyme (nhuman) 211 in tnis croup.

A second intermediate group is made up of two cizsses of or~zeins,
the first of which comprises tnose proteins built up in segmens. I-
these one part of the amino acid sequence has a large number ¢¥ z-zrcec
amino acid residues whilst the other portion is quite differen:z.
Their hydrophobic moiety can fold, ieaving a long and more rancca
external segment. The folded part may be an enzyme. This type z*
structure has been observed in soya-beén lipoxygenase (Egmonc #

Williams, 1978). The second class in this group includes t~zse proteins,




