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1. An artificial membrane system was formed by spreading at air/water and
oil/water interfaces, by using phosphatidylcholine and the glycoprotein fetuin
(mol.wt. 48400). 2. The plot of increase of interfacial pressure against amount of
protein added beneath a monomolecular film of phosphatidylcholine showed two
discontinuities, corresponding to the completion of two distinct layers of protein:
(a) largely denatured and closely associated with the polar head groups ofphospha-
tidylcholine, possibly with penetration of non-polar protein groups between the
phosphatidylcholine molecules and (b) an additional adsorbed layer ofsubstantially
native fetuin in either a close-packed or open-lattice array. A more compactly
organized membrane was apparently formed at pH 7.4 with 1mMM_Mg2+ in the
aqueousphasethanwithoutMg2+;at 15nmM_Mg2+,morerandomadsorptionofprotein
appeared to take place. Qualitatively similar results were obtained at pH 5.1 with
1 mM_Mg2+. Closer initial packing of the phosphatidylcholine layer decreased both
the magnitude of the interfacial pressure change and the amounts of protein bound
in the two layers. 3. The amount ofN-acetylneuraminic acid released by neuramini-
dase (EC 3.2.1.18) in the subphase was measured at pH5.1; a mean distribution of
9.7 x 1013 residues/cm2 was calculated for the completed second protein layer.

Myxoviruses have surface projections or 'spikes'
consisting in part of haemagglutinin. This binds
specifically to sialic acid residues of surface glyco-
proteins of erythrocytes, causing bridging between
cells and clumping. A similar process ofattachment
occurs as the first stage of infection of susceptible
cells; it can be blocked temporarily by treatment of
the cell surfaces with neuraminidase (the 'receptor-
destroying enzyme') (Burnet, 1948), which removes
the specific attachment sites and releases sialic
acid.* Investigations of the kinetics of myxovirus
attachment and the function of surface components
of the virus in this process have up to now involved
the use of systems of natural cells or membranes
(Henle, 1949; Hoyle, 1950; Cairns & Fazekas de St
Groth, 1957; Morgan & Rose, 1968), which have a
highly heterogeneous surface composition and
largely unknown structure. No reproducible,
defined artificial surface system for the study of
viruses has hitherto been produced. In this paper
we describe the formation and characterization of

* Sialic acid as used in this paper means N-acetyl-
neuraminic acid. No other forms such as N-glycollyl.
neuraminic acid were detected by g.l.c. (Craven & Gehrke,
1968).

such a system, consisting of layers of a glycoprotein
stabilized by lipid.

Fetuin, a glycoprotein from foetal calf serum,
contains 12-14 sialic acid residues per molecule
(Spiro, 1960, 1962), all ofwhich are terminal (Spiro,
1960). Blough (1965) showed by electron microscopy
and Fazekas de St Groth & Gottschalk (1963)
showed by physicochemical methods that fetuin and
other sialoglycoproteins attach to influenza virus
at one or more points. Our aim was to produce an
artificial membrane (or surface film) by spreading
that would retain the character and sialic acid
group distribution of the native fetuin. Eley &
Hedge (1956, 1957) have described a method of
spreading a protein under a monomolecular film
of lipid at an air/water interface to form a layer of
native protein adsorbed to a denatured protein-
lipid complex. Recent work by others (Colacicco,
Rapport & Shapiro, 1967; Camejo, Colacicco &
Rapport, 1968; Colacicco, 1969; Khaiat & Miller,
1969; Quinn & Dawson, 1969), on similar systems
with a variety of lipids and proteins, has established
many of the properties of such membranes.
We have investigated the structure of a triple-

layered membrane of phosphatidylcholine and
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fetuin under differing degrees of comnpression of the
phosphatidylcholine layer at air/water and oil/water
interfaces, and the effect on it of variation of Mg2+
concentration and pH. The techniques used were
measurement of interfacial pressure and viscosity,
and enzymic hydrolysis to estimate the distribution
of sialic acid groups.

MATERIALS AND METHODS

All water was doubly distilled from alkaline KMnO4 in
all-Pyrex apparatus to remove surface-active contamin-
ants. The trough used for spreading experiments was of
Teflon-coated aluminium and conical in shape (maximum
diameter 15 cm, included angle 900) so that the area of the
interface could be altered by withdrawal of subphase
through the tip of the cone. The trough was thoroughly
cleaned before each run; the liquid level was raised until
the meniscus stood above the rim of the trough and any
existing surface film was largely removed by sweeping with
waxed glass strips. Any residual contamination was
removed by extensive suction. Between fillings with
buffer, the trough was washed with ethanol and ether,
blown dry with clean air and rinsed with water. When
experiments were done at the oil/water interface, light
petroleum (b.p. 100-110°C), sulphuric acid-washed and
redistilled, was used as the upper phase. The whole
apparatus was enclosed in a Plexiglas box for protection
from dust and draughts.

Analytical-grade reagents were used in making up
buffer solutions; the absence of surface-active contamini-
ants in these was indicated by the constancy with time of
the surface tension of swept solution interfaces. Buffer
solutions used were (a) 0.05M-tris-HCl buffer, pH7.4,
+ 0.1M-NaCl, + 0, 1mM- or 15mM-MgCl2; (b) 0.1M-citric
acid-sodium citrate buffer, pH5.1, + 0.05M-NaCl + 1mM-
MgCI2. All measurements were made at 24+1IC.

Phosphatidylcholine. Egg phosphatidylcholine was
obtained from Mann Research Laboratories, Orangeburg,
N.Y., U.S.A.; it was considered desirable to use a lipid of
varied fatty acyl content since this might in part be
responsible for strong binding of protein to the lipid film
by permitting penetrationi of non-polar amino acid side-
chains between adjacent lipid chains (Eley & Hedge,
1957). T.I.c. indicated that the major component was
phosphatidyleholine, with about 5% phosphatidyl-
ethanolamine and lysophosphatidyleholine. The major
acyl components found by g.l.c. were: C16:0, 31.5%;
C16:1, 1%; C18:0, 17.1%; C181, 26.0%; C18:2, 14.9%;
C20:0, 1.5%; C20:4, 4.5%. The mean molecular weight of
phosphatidylcholine found from these results (used in
calculations of areas/molecule in spread films) was 774, the
mean acyl chain length C17.5 and the mean number of
double bonds/chain 0.78. For spreading at aqueous
interfaces, phosphatidylcholine was dissolved in propan-2-
ol (4mg/ml).

Fetuin. The glycoprotein fetuin was prepared from
foetal calf serum by the method of Graham (1961); this
preparation showed only a single precipitin line on
immunoelectrophoresis against specific antibody (Blough,
1967). Its molecular weight was taken as 48400 (Spiro,
1960). For spreading, fetuin was dissolved in aq. 40%
(v/v) propan-2-ol (8mg/ml). Higher concentrations of

propan-2-ol imnprove sp)rea(ling but cause denaturation of
fetuin (shown by turbidity) on standing. Only freshly
made up solutions were used.

Neuraminidase. Clostridium perfringens neuraminidase
(EC 3.2.1.18) was obtained from Worthington Biochemical
Corporation, Freehold, N.J., U.S.A., at a minimum activity
of 1.25 units/mg. One unit equals 1 jtmol of N-acetyl-
neuraminic acid released/min from bovine submaxillary
mucin (1.6mg in Iml of 0.1M-sodium acetate buffer,
pH 5.0, plus 4 tg of enzyme) at 37°C. This enzyme has no
divalent cation requirement, and shows a sharp maximum
in hydrolytic activity at pH5.1 with brain ganglioside
(Burton, 1963), bovine sialyl-lactose or colominic acid
(Cassidy, Jourdian & Roseman, 1965) as substrate. The
low level of phospholipase C activity in Burton's prepara-
tion (1963) was apparently removed by the chromato-
graphic purification step in the extraction procedure of
Cassidy et al. (1965), which was also followed by the
supplier of the present material. No further assay of
phospholipase activity was made.

Surface pressure measurements. Surface pressure was
measured by the dipping-plate technique (Wilhelmy,
1863), by using a glass cover-slip suspended from a torsion
balance. The plate was cleaned by soaking in chromic
acid, followed by extensive washing in water to remove
traces of metallic ions. After an initial readinig on the
clean surface, a calculated amount of phosphatidylcholine
solution was added at the interface with a microlitre
syringe, and the new torsion-balance reading was taken
after adequate time for spreading and dispersion of the
solvent (about 10min). Successive small amounts of the
spreading solution of fetuin were injected just beneath the
phosphatidylcholine film, and 15-30min was allowed for
equilibration of each additional amount of fetuin (or until
there was no further change in surface pressure). The
amounts of propan-2-ol introduced in the spreading
solutions had no observable effect on surface pressure.

Surface viscosity measurements. The oscillating-needle
method was used (Cumper & Alexander, 1950). A logarith-
mic decrement of amplitude of oscillation can be deter-
mined for a needle suspended from a torsion wire and
lying in the interface; the change in decrement observed
when the needle oscillates in the interface in the presence
of a surface layer is proportional to the drag exerted by
this layer, and can be expressed as a surface viscosity.
This was calculated from the expression (Fourt, 1939;
Joly, 1964)

1=4 x 2.303 AT- 2 surface poise\T To/ a2

where A and A0 are the logarithmic decrements (Joly,
1964) and T and To the torsional periods of the needle in
the presence and absence of the film, respectively, G the
moment of inertia of the system and a the length of the
needle. A gold-plated brass needle 3.6 cm long was used;
the suspending fibre was 20cm long and carried at its
lower end, above the needle, a brass disc 7.6 cm in diameter
and of mass 120.6g. The moment of inertia of the whole
system, found from the variation in torsional period on
adding an additional lead disc of known moment of
iniertia (Kalousek & Vysin, 1955), was 901.5gem2, and the
torsional period in air was 4.699 s. Since we are concerned
here with the association between lipid and protein, the
results given for surface viscosity are calculated from the
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decrement in the presence ofthe lipid film alone as reference
point. The results plotted in Fig. 3 are therefore not ex-
pressed in 'absolute' surface poise. Swings were observed
by an optical lever method, by using light reflected
from a small mirror attached to the torsion bob, to a
horizontal scale lm away. Readings of decrement were
taken at each of the surface packings used for the surface
tension measurements.

Sialic acid dietribution in the 8urface film. Surface
membranes with varying amounts of fetuin were spread
on 49ml of 0.1 M-sodium citrate-citric acid buffer, pH 5.1,
in 15cm Petri dishes. The phosphatidylcholine in all cases
initially occupied 60 A2/molecule. Sufficient fetuin in
spreading solution was then injected under the phospha.
tidylcholine layer to form the first fetuin layer, and
additional amounts of fetuin were added under this to
form the second layer in various stages of completion.
After equilibration ofthe membrane, 1 ml ofneuraminidase
(0.1 mg/ml in sodium citrate-citric acid buffer) was added
to the subphase, and the dishes were incubated at 370C for
40h. Samples (lOml) were then withdrawn without
disturbing the surface layer, freeze-dried and extracted
twice with hot methanol to remove the sialic acid released
by enzymic hydrolysis (Craven & Gehrke, 1968). The
sialic acid (minus most of the neuraminidase and salt) was
determined by the fluorimetric method of Hess & Rolde
(1964), with 5mM-3,5-diaminobenzoic acid in 0.125M-HCI.
The dried methanolic extracts were heated for 16h at
1000C in screw-capped tubes with 0.4ml of reagent. A
sample (25,ul) was then added to I ml of 0.05M-HCI in the
cell ofan Eppendorf spectrofluorimeter, with a 405/436nm
combination primary filter and a 500-3000nm secondary
filter. Controls of neuraminidase (lOml at 2,ug/ml), salt
(lOml of the sodium citrate-citric acid buffer), fetuin
(10Og) and sialic acid-free fetuin (10OAg) were run
concurrently. Sialic acid-free fetuin was produced by
mild hydrolysis of fetuin with 12.5mM-sulphuric acid for
1 h at 800C (Spiro, 1960). The amounts of neuraminidase
and salt are the same as in the samples withdrawn from
the subphase for assay of liberated sialic acid; the amounts
offetuin and sialic acid-free fetuin are slightly greater than
the total amount of fetuin used per dish in forming the
membrane. Background values of free sialic acid in these
controls (to be subtracted from the amounts ofenzymically
released sialic acid) were together less than 10% of the
amount enzymically released from the completed mem-
brane. A 90-95% recovery of sialic acid in the methanol
extraction step was achieved in control experiments with
l-lOO1tg of sialic acid.

RESULTS

Surface-pres8ure mea8urements. Force-area curves
for monolayers of phosphatidylcholine at air/water
and oil/water interfaces are shown in Fig. 1. An
area of 40 A2/molecule close to the collapse point is
lower than reported elsewhere for partially-unsatur-
ated phosphatidylcholine monolayers (Demel, van
Deenen & Pethica, 1967), or for egg phosphatidyl-
choline (de Bernard, 1958). However, the acyl
composition given above differs from that of egg
phosphatidylcholine reported by other workers
(e.g. Dyatlovitskaya, Volkova & Bergel'son, 1967)

0
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Fig. 1. Force-area curves for phosphatidylcholine at the
air/water (e) and oil/water (0) interfaces using 0.05M-
tris-HCl buffer, pH7.4. Arrows indicate the areas/mole-
cule used in protein/lipid spreading experiments: air/water
40, 50, 60 A2/molecule; oil/water, 40, 60, 80, 100 A2/mole-
cule.

in having an appreciably higher C8: 0 and lower
C18:1 content; its monolayer spreading behaviour,
therefore, more closely approaches that of a fully-
saturated phosphatidylcholine. The small phos-
phatidylethanolamine content noted above may
also influence this to some extent.

Surface-pressure results for the lipid/protein
system are plotted (Fig. 2) in the form of the
increase in surface pressure, Air (above the initial
pressure of the phosphatidylcholine film), against
the protein/lipid molar ratio in the membrane. The
curves showthesame general form as those described
by Eley & Hedge (1956) for a number of proteins,
but differ in the magnitude of A7r and in the molar
ratios at which the discontinuities occur (Table 1).
Only a very slow rate of rise of Air was found above
the second discontinuity, and no further discon-
tinuities were found at very high molar ratios.

Effect of initial area/phosphatidylcholine molecule.
Phosphatidylcholine was spread at initial areas of
60, 50 and 40 A2/molecule at the air/water interface
(surface pressures of 8, 12.5 and 28dyn/cm respec-
tively), and 100, 80, 60 and 40A2/molecule at the
oil/water interface (7, 10, 14.3 and 28.9dyn/cm
respectively). In agreement with the results of
others (Colacicco et al. 1967, Khaiat & Miller, 1969;
Quinn & Dawson, 1969), the magnitude of Air falls
with higher initial surface pressures. Within the
range of pressures studied, however, two discon-
tinuities were always apparent, although the first
occurred at very low surface concentrations of
fetuin. This may indicate that at a sufficiently high
surface pressure, the first layer of protein would be
altogether absent (Khaiat & Miller, 1969; Quinn &
Dawson, 1969). At the oil/water interface, where
cohesive forces between the hydrocarbon chains of
phosphatidylcholine are largely removed, the
amount of protein in the first layer is generally

Vol. 117 379

I

I



J. M. TIFFANY AND H. A. BLOUGH
1s

10

5

0 50 100 150 50 100 150 50 100 150
103 NF/NL

Fig. 2. Change in surface pressure with addition of fetuin under a phosphatidylcholine monolayer at the air/
water interface on 0.05M-tris-HCl buffer, pH 7.4. Initial areas/molecule of phosphatidylcholine are: 60 A;
(0); 50.A2 (0); 40 A2 (A). The concentration of Mg2+ in the buffer is: a, 0; b, 1mM; c, 15mM. NLis fixed by
the initial area/phosphatidylcholine molecule. The molar ratio NF/NL for a given initial phosphatidylcholine
area is proportional to the amount of protein present.

Table 1. Fetuin/phosphatidyleholine molar ratio in thefir8t and 8econdfetuin layer8, and areaffetuin molecule
in the 8econd layer

Molar ratios (NF/NL) for the first layer are the values at which the first discontinuity occurs in the plot of
increase in surface pressure (A7r) against molar ratio. Values for the second layer are the difference between
the ratios at the first and second discontinuities. NL is fixed by the initial area/molecule ofphosphatidylcholine
in the spread monolayer. All determinations at pH7.4 were on 0.05m-tris-HCl buffer, and at pH5.1 on
0.1 M-sodium citrate-citric acid buffer.

Interface pH
Air/water 7.4

Conen. of Mg2+
mM

0

7.4 1

5.1 1

Oil/water 7.4 0

7.4 1

Phosphatidylcholine
area (A2/molecule)

60
50
40
60
50
40
60
50
40

100
80
60
40
100
80
60
40

103 NF/NL

lst layer
12.3
7.1
5.1

11.9
4.9
0.6
12.4
5.4
2.6

11.0
23.5
13.3
3.5

22.4
15.5
13.6
6.2

2nd layer
28.0
24.9
17.0
33.1
13.9
8.0

143.0
43.4
43.9
92.5
62.8
78.1
23.0
94.6
83.5
54.9
42.3

Area of fetuin
in second layer
(A2/molecule)

2140
2010
2350
1810
3580
5000
420
1150
910
1080
1270
770
1740
1060
960
1090
6450

higher than at the air/water interface with a
comparable initial surface pressure. This suggests
that penetration of the hydrocarbon region by the

protein may be of greater importance in stabilizing
the first layer than ionic interaction with ionic
groups ofthe lipid, ashasbeensuggestedby Colacicco
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et al. (1967), since there are in this case fewer polar
groups present at the oil/water than the air/water
interface.

Effect ofMg2+ concentration. Mg2+ concentrations
of 0, 1 and 15mM were chosen as representing very
roughly the 'low', 'normal' and 'high' ranges
commonly used in biological investigations. Very
little difference was seen between the form of the
A7r curves for zero and 1mM_Mg2+. We may note,
however, that at the air/water interface the area/
fetuin molecule in the second layer rises as the
amount of fetuin in the first layer falls when 1mm-
Mg2+ is present; in the absence of Mg2+, this area
remains essentially constant (Table 1). The effect
of 1 mM_Mg2+ therefore appears to be a closer
relationship between the amounts of protein in the
first and second layers. The more marked decrease
in the amount of protein bound in the first layer at
40 and 50 A2/molecule of phosphatidylcholine may
be related to the ionic binding of Mg2+ to the polar
groups of phosphatidylcholine (demonstrated by
Shah & Schulman, 1967, for Ca2+). At the oil/water
interface both these effects are less evident.
At 15mM-Mg2+thediscontinuous form ofcurveisnot
seen; instead, a smooth curve reminiscent of a
Langmuir adsorption isotherm is found. Hence no
discontinuity values appear in Table 1 for this
magnesium concentration.

Effect of pH. Fetuin was spread at the air/water
interface under phosphatidylcholine monolayers at
60, 50 and 40 A2/molecule on citrate buffer at
pH 5.1 and 1mM-Mg2+. The curves follow the
regular Eley & Hedge (1956) form, but show
considerable differences in the molar ratios required
to complete the second protein layer (Table 1) from
those at pH 7.4. The area/molecule of fetuin
adsorbed in the second layer is much lower atpH 5.1
than at pH 7.4; there is, however, no indication of
multilayer formation at the lower pH value, since
the area/molecule is reasonably consistent with the
estimate by Blough (1965) for the dimensions of the
fetuin molecule.

Surface vieco8ity mea8urement8. At the air/water
interface at pH 7.4, qualitatively similar results
were obtained of viscosity as a function of protein/
lipid molar ratio at Mg2+ concentrations of 0, 1 and
15mM. A steep initial rise of viscosity was noted,
reaching a peak in the region of completion of the
first protein layer. The viscosity then decreased to
a wide minimum in the region of completion of the
second layer. A further, more gradual rise occurred
at higher molar ratios. Fig. 3 shows the curves for
initial areas of 60, 50 and 40 A2/phosphatidylcholine
molecule at 1 mM_Mg2+. At both 0 and 15mM-Mg2+,
the curves, though substantially similar in shape,
showed rather lower viscosities and much greater
scatter of points than at 1m -Mg2+. The organiza-
tion of the membrane therefore appears to be

0 20 40 60 80
103 NF/NL

Fig. 3. Surface viscosity of phosphatidylcholine-fetuin
films at the air/water interface on 0.05M-tris-HCI buffer,
pH7.4, at 1 mM-Mg2+, measured with the oscillating-
needle viscometer. Initial areas per molecule of phospha-
tidyleholine are: 60A2 (0); 50 A2 (0); 40A2 (A). Arrows
indicate the values of molar ratio (NF/NL) of protein
added to lipid present that correspond to the completion
of the first and second layers of protein (from Table 1).
Viscosity is calculated relative to an arbitrary zero when
only a lipid monolayer is present.

improved at aMg2+ concentration of 1 mm. Measure-
ments were not made at different pH values or at
the oil/water interface.

Sialic acid di8tribution. Membranes were spread
at pH 5.1 and ImM-Mg2+ with various amounts of
protein from one complete layer to two complete
layers. No further change in surface pressure was
noted after addition of neuraminidase; although
surface pressure changes cannot generally be used
as a quantitative measure of protein adsorption
(Khaiat & Miller, 1969; Quinn & Dawson, 1969),
and hence attachment of neuraminidase to the
membrane is not detectable, it seems probable that
direct displacement of fetuin by neuraminidase
would affect Alr. MVe therefore feel that the mem-
brane retains its structure even in the presence ofthe
enzyme. In addition, the presence of unadsorbed
fetuin in the subphase was investigated by measur-
ing the amount of sialic acid released by hydrolysis
from a sample of the subphase after formation of a
membrane, in the absence ofenzyme. The subphase
in the Petri dish was stirred by a small Teflon-coated
magnetic spinbar at about 50rev./min to avoid
formation ofa stagnant layer close to the membrane.
Samples (lOml) were withdrawn from a total
subphase volume of 50ml, from about the midpoint
of depth of the dish. Neuraminidase solution
(0.2ml; 0.lmg/ml) was added and the samples were
incubated for 16h at 37°C. The sialic acid released
was then extracted with methanol as described
above and was assayed either by the method of
Hess & Rolde (1964) or by the g.l.c. method of
Craven & Gehrke (1968). No free sialic acid was
detected by either of these methods; in our hands
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Fig. 4. Amount of sialic acid released by neuraminidase
from fetuin in phosphatidyleholine-fetuin films, at
various degrees of completion of the second protein layer.
Air/water interface on 0.1 M-citrate buffer, pH 5.1, 1 mM-
Mg2+. No. of mol of sialic acid was calculated by using
mol.wt. 309 for N-acetylneuraminic acid.

the limits of detection by these methods are about
20ng and lOng respectively. Similar investigations
on fetuin adsorbed at the air/water interface in the
absence of a lipid film were not performed. Results
of the amount of sialic acid released/cm2 as a

function of the degree of completion of the second
protein layer are shown in Fig. 4, the values being
1.25+0.21 x 10"10mol/cm2 in the first layer and
1.62±0.36 x j10mol/cm2 in the second layer
(mean±S.D., ten determinations for each value).
These correspond to 7.5 x 1013 and 9.7 x 1013
residues/cm2 respectively. The high scatter in these
values of sialic acid determined is probably intro-
duced by variations in the degree of regularity of
spreading by the protein, and hence the accessibility
of sialic acid groups to the enzymie. Acid hydrolysis
of fetuin indicated that sialic acid comprised
7.9% of the molecule, agreeing fairly well with the
values of 8.2% found by Spiro & Spiro (1962) and
8.4% by Oshiro & Eylar (1968). Neuraminidase
treatment offetuin in solution gave 7.6%, indicating
that 96% of the sialic acid content can be removed
by enzymic hydrolysis.

DISCUSSION

The surface-pressure results for the spreading of
fetuin under phosphatidylcholine monolayers at
various initial packings and at 0 or 1 mM_Mg2+
concentration support Eley & Hedge's (1956)
interpretation of the structure of the interfacial
c.omplex, although Table 1 shows that there is
e.onsiderable variation in the amount of protein
boumd at a given phosphatidyleholine packing; this
may be related to binding ofMg2+ by phosphatidyl-

choline or protein. It is also possible that denatura-
tion is not always complete in the first layer, and
may also occur to some extent in the second layer.
The fetuin molecule consists of a single polypeptide
strand, but contains six disulphide bonds (Spiro &
Spiro, 1962); it may therefore be incapable of
complete denaturation under these spreading
conditions. Eley & Hedge (1956), Colacicco et al.
(1967) and Quinn & Dawson (1969) all suggest that
the initial interaction is through ionic bonding
between phosphatidylcholine and anionic groups of
the protein. However Colacicco et al. do not con-
sider likely the additional stabilization by penetra-
tion of non-polar amino acid side chains between
acyl chains of the phosphatidyleholine layer. These
authors suggest that a major part of the increase in
surface pressure (corresponding to a release of sur-
face free energy) may be due to re-ordering of water
solvating these charged groups, which is released in
the process of ion-pairing. Quinn & Dawson (1969)
conclude, however, from measurement of the
increase in surface radioactivity, by using a labelled
protein, that penetration does occur, but is not so
extensive as to indicate the formation of a mixed
monolayer of lipid and protein. The high carbohy-
drate content of fetuin (Spiro, 1960) may also be
important in promoting an ordered water structure.
In the second layer, a similar effect, as the array of
native molecules is built up and stabilized by specific
polar interactions with the first layer, in addition to
lateral repulsion between the ionic groups of
adjacent protein molecules, would givean additional
surface pressure rise. Above the completion of the
second layer, random binding of native protein
(lacking the ordering effect of the denatured layer)
may give a further small rise in pressure by some
re-ordering of the existing layers; ionic repulsion
between randonily adsorbed molecules would also
increase surface pressure slightly. It is conceivable
that after addition of very large amounts of protein,
the amount of propan-2-ol introduced into the
subphase from the spreading solution influences
A7r to a small extent. At 15mM.Mg2+, the presence
of the divalent cation may permit a greater variety
of adhesive contacts of the native molecules,
possibly through sialic acid groups on the protein
surface, so that random multilayer adsorption takes
place. Camejo et al. (1968) present evidence that
protein adsorption follows a Langmuir type of
relationship betweenamount ofproteinadsorbedand
bulk concentration. However, we have no evidence
for equilibration of spread protein between the
interface and the bulk phase (at least up to the
completion ofthe second protein layer), as indicated
by our failure to detect hydrolysable sialic acid in
the subphase. The influence of high Mg2+ concen-
tration is probably limited to an obscuring of the
sharp discontinuities in the Air curves. At the oil/
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water interface, the effect of 1 mM_Mg2+ is not
readily determinable from the data available.
The effect of a decrease in pH of the subphase

from 7.4 to 5.1 was a considerable fall in the area

occupied/fetuin molecule in the second layer, from
1810 to 420 A2/molecule, at 60A2/molecule of
phosphatidylcholine. As mentioned above, this
probably indicates formation of a well-ordered
layer at pH 5.1. Blough (1965) gives the dimensions
of the fetuin molecule by electron microscopy as

a sphere ofdiameter 25 A, or an elongated form with
mean dimensions of 42Ax 15A (at about pH6.5).
Titration data given by Spiro (1960) for fetuin
indicate an appreciable difference in charge over

the pH range 5.1 to 7.4; it is thus possible that at
pH5.1, which is closer to its isoelectric point of
pH3.3 (Spiro, 1960) and where the charge on the
molecule is therefore less, fetuin will be able to
occupy 420 A2/molecule in a well-ordered two-
dimensional array (Khaiat & Miller, 1969). At
pH 7.4, on the other hand, the charge is greater and
the molecule occupies a greater area. It is not clear
whether the area of 1810A2/molecule at pH7.4 is
solely the result of an overall size change and
increased intermolecular repulsion; the change in
configuration may involve a considerable elongation
of the molecule into a rodlike form capable of
forming a fairly regular lattice where each molecule
accounts for an area much larger than that deline-
ated by its physical dimensions. This elongation
could conceivably be produced as a form of rever-

sible denaturation on contact with the first protein
layer of the membrane; electron-microscopic
observations have been made of filamentous
molecules of fetuin attached to the surface projec-
tions of myxoviruses (H. A. Blough, unpublished
work).
The viscosity data also reinforce the basic

interpretation ofEley & Hedge (1956). The viscosity
ofthe membrane rises with attachment ofdenatured
protein chains as a network of inter- and intra-
molecular lateral interactions is built up, to a

maximum at the completion of this first layer. The
altered ionic environment, including lateral ionic
repulsive forces, in the presence of second-layer
protein molecules causes a decrease in viscosity to
a minimum at about the completion of the second
layer. The further large rise in viscosity is not easily
explained, although a number of possible contribu-
toryfactors mustbeconsidered: (a) bridgingbetween
second-layer molecules by additional randomly
adsorbed fetuin molecules; (b) release of fetuin into
solution above the region of completion of the
second layer, increasing the viscosity ofthe subphase
and hence A0 in Fourt's (1939) expression; (c) the
inapplicability of Fourt's expression to very thick
multilayered structures and (d) cumulative effects
of propan-2-ol from spreading solutions. At 15mM-

Mg2+, viscosity of the membrane was less than at
lower Mg2+ concentrations, and showed much less
marked maxima and minima. The forces between
randomly adsorbed protein molecules may hence be
relatively weak and the loose structure easily
shared.

It was expected that the amount of sialic acid
released from the first protein layer would differ
from that released from the second layer. All sialic
acid groups present in the denatured molecule are
probably fully exposed and anynot directly involved
in binding to polar groups of the lipid are directed
towards the aqueous phase. As this layer becomes
progressively covered with native protein, the
number of available groups changes. At low
second-layer coverages, there will be contributions
to the measured distribution from (a) uncovered
regions of the first layer, (b) the regions of the native
molecule that will be exposed in the completed
second layer, and (c) the 'sides' of the second layer
molecules, which will be concealed when the layer is
completed. Access to (a) and (c) will depend on the
degree of coverage of the first layer by second-layer
molecules and on the size of the neuraminidase
molecule relative to fetuin. No information is
currently available on the molecular weight or
dimensions of C. perfringen9 neuraminidase. At
second-layer coverages above about 30%, sialic acid
groups in regions (a) and (c) would probably not be
accessible to a large enzyme molecule. The rapid
fall in amount of sialic acid released above about
30% coverage, and its rise towards 100% coverage,
suggests such steric hindrance; when the enzyme
molecule is prevented from reaching sialic acid
groups in regions (a) and (c), only those in region (b),
rising to a maximum at 100% coverage, can con-
tribute to the total. If we assume that in the com-
plete second layer at pH 5.1 we have uniform arrays
both of native fetuin molecules and of sialic acid
groups on the exposed surfaces of these molecules,
the mean separation of sialic acid groups (in a
hexagonal array) is approximately i1 A. This
figure seems a little large if we are to account for a
mean value of 13.6 residues/molecule (Spiro, 1960);
some of these may be buried within the molecule,
as suggested by Oshiro and Eylar (1969).
Themembrane system described is readily formed

to any desired size (about 176cm2 in the apparatus
mentioned above).
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