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Effect of Water Structure on Mixed Synthetic Polypeptide-Lipid Monolayers
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The effect of water structure on the interaction of synthetic polypeptides with fatty acids in monolayers at the

air-water interface was investigated.
hydrophobic interaction in monolayers.

It was found that SCN-, F-, and urea exert a remarkable effect upon the
SCN- and urea disrupt the hydrated structure biult up around the

hydrocarbon moieties of polypeptides and lipids at the interface. On the other hand, the presence of F~ as a
structure maker tends to stabilize the hydrophobic bonding. The infrared spectra of polymer components were
practically identical for the collapsed films in the absence and presence of SCN-, F~, and urea.

The hydrophobic bonding is important in stabilizing
macromolecular structures such as proteins and bio-
logical membranes.?) Water is considered to affect the
properties and structure of biopolymers at the interface.
Recent evidence suggests that the water adjacent to
interfaces significantly differs from bulk water.?

In relation to the structure of water at the interfacial
region, we have reported the effects of monovalent
anions on the surface pressure-area (;-4) curves of
poly(e-benzyloxycarbonyl-L-lysine).® The effects of
anions on increasing the surface pressure were in the
order SCN—>Br->Cl->F- in line with that of these
anions as breakers of water structure.?

The action of urea on macromolecular structures
closely resembles that of chaotropic ions in which both
unfolding and denaturation are strongly favored. It is
not clear if the action of urea is similarly mediated by
a modification in the structure of water. However,
there is widespread belief that in the presence of urea,
hydrophobic bonding is weakened.®

The purpose of this work is to clarify the effect of
SCN-, F-, and urea on the interaction of polypeptides
and lipids in relation to the structure of water at the
interfacial region.

Experimental

Synthetic polypeptides used in the present study were poly-
(6-benzyloxycarbonyl-L-ornithine) (PLO (Z)), poly (e-benzyl-
oxylcarbonyl-L-lysine) (PLL(Z)), poly(y-benzyl-L-glutamate)
(PBLG), and poly (y-benzyl-pL-glutamate) (PBDLG) (13%,
regular a-helix and 609, perturbed a-helix). Lipids used were
myristic acid (C,, acid) and stearic acid (C;g acid). Poly-
peptides, lipids, and spreading solvents were the same as those
used in the preceding work.®) Salts and urea solutions were
treated with activated charcoal in order to remove surface-
active contaminants, and were used as a subsolution after
being adjusted to contain 0.01 M HC1. A 10 to 1 compression
of the surface of the salt or urea subsolutions, after being left
to stand for 10 min, produced less than 0.1 dyn/cm film pres-
sure.

The surface pressure was measured by the Wilhelmy method
at 254-0.5°C. The films were compressed at a rate of
1 A2/residue/min.

The polarized infrared spectra of collapsed films were
measured with a JASCO DS-701G instrument.®

Results

Figure 1 shows the @-4 curves for PBLG, PBDLG,
PBLG-C,,; acid and PBDLG-C,, acid mixtures (1:1
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Fig. 1. Surface pressure-area curves of single and mixed

monolayers on 0.01 M HCI( ), 2 M KSCN(——)
and 2 M KF(-~—) at25°C. 1dyn=10-N,1A=0.1
nm. a: PBLG, b: PBLG-C,, acid (1: I(residue mol:
mol)), c: PBDLG, d: PBDLG-C,; acid (1: 1(residue
mol: mol)).

(residue mol: mol)) spread on 0.01 M HCI, and on 2 M
KSCN and 2M KF subsolutions containing 0.01 M
HCL. The transition pressures for PBLG and PBDLG
monolayers are much higher on the subsolution contain-
ing KSCN than on 0.01 M HCl. On the other hand,
in the presence of KF, the film transition pressure
becomes slightly lower. In the presence of KSCN, film
expansion is observed for PBLG and PBDLG. The
effect of KF on exapansion is quite small. Similar
tendencies were observed for the mixed monolayers.

Figure 2 shows the 7-4 curves for PLO(Z), PLL(Z),
PBLG and PBDLG spread on 0.0l M HCI and 2 M
urea subsolutions together with those for C,, acid and
Cyg acid monolayers. The transition pressure of poly-
peptide monolayers increases in the presence of urea.
Expansion of polypeptide and lipid monolayers is also
observed. The monolayer behavior in the presence of
urea is similar to that of KSCN.

Figure 3 shows the film transition pressure, .., and
the limiting area extrapolated to zero surface pressure
for the steep region, A4, against urea and KSCN
concentrations. Up to the concentration of 6 M urea
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Fig. 2. Surface pressure-area curves of polypeptide and Area (Ay residue)

lipid monolayoers on'0.0l M HCI(I;E;:)Z and. 2P11\34leéa Fig. 4. Surface pressure-area curves of mixed monolay-
(——) at 25°C. a: PBLG, b: PLL(Z), c: : ers of PLO(Z) with Cy, acid on 0.01 M HCl(——-) and
d: PLO(Z), e: Gy acid, f: Gy, acid. 2 M urea( ) at 25°C. a: 1:0,b:4: 1,c:1:1,d:
1:4,e:0: 1 (residue mol: mol).
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Fig. 3. Transition pressure, a, and limiting area, b, of
polypeptide monolayers as a function of urea and KSCN

concentration at 25 °C. Urea; (: PLO(Z), @: PLL-
(Z), ©®: PBLG, O: PBDLG. KSCN; @: PBLG, O:

6M KSCN

PBDLG.
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KSCN on 7, and 4, is much larger than that of urea.
As a typical example of mixed monolayers, Fig. 4 Fig. 5. Polarized IR spectra of collapsed films of PBLG
formed on 0.01 M HCI, 6 M urea, 6 M KF and 6 M

shows the s-4 curves for mixed PLO(Z)-C,, acid
monolayer on 0.01 M HCIl and 2 M urea subsolutions.
The transition pressures caused by the polymer com-
ponents increase with increase in lipid mol fraction
irrespective of the absence and presence of urea.

Figure 5 shows the polarized infrared spectra of
collapsed films of PBLG formed on the subsolutions in
the absence and presence of urea, KSCN and KF. In
the a-helical amide I (about 1650 cm~!) and amide

KSCN subsolutions. : Electric vector parallel to
the barrier used to collapse the film, --——: electric
vector perpendicular.

II (about 1550 cm™!) regions, the spectra are practically
identical with each other. Dichromism is also observed
at about 1730 cm—? (assignable to stretching of the ester
C=0 bond of the side chain). Similar results were
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obtained for the other single and mixed monolayers.
This suggests that polypeptide molecules are aligned in
a parallel direction to the compressing barrier, irre-
spective of the kind of subsolution. The highly ordered
alignment of polypeptide molecules may be favorable
for the interaction between polypeptide and lipid.

Discussion

Effect of Salts. The order of film expansion is
KSCN>KF>0.01 M HCI (Fig. 1). This suggests that
salts are transferred into the interface relative to the
surface without monolayer. Fatty acid and fatty alcohol
monolayers expand in the presence of salts” and urea.®
Ralston and Healy gave an expansion for fatty alcohol
monolayer in terms of interfacial water structure.”? The
film transition pressure is related to the collapse of
monolayers from a two-dimensional oriented state to a
three-dimensional disoriented state.®1
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Fig. 6. Transition pressure of single and mixed mono-
layers as a function of concentration of KSCN( ),
KF(-———) and urea(——) at 25°C. a) (O: PBLG,
@: PBLG-C,, acid (1: 1 (residue mol: mol)). b) O:
PBDLG, @: PBDLG-C,, acid(1: 1(residue mol: mol)).

Figure 6 shows the transition pressure as a function of
salts and urea concentrations for PBLG, PBDLG
together with PBLG- and PBDLG-C,, acid mixtures
(I:1 (residue mol: mol)) spread on KSCN or KF
subsolution. The transition pressures of PBLG and
PBDLG increase linearly with increase in KSCN
concentration. The hydrated structure around the
hydrocarbon moieties of the side chains of polypeptides
disrupted by SCN- ion preferentially accumulated on
the surface. As a result of the disruption, the affinity
of the hydrocarbon moieties to water might
increase.1»11:12)  The increment of transition pressure
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appears to be caused by destabilized hydrophobic
bonding as a result of breakdown of the water structure.
From the relationship between the transition pressure
and the KSCN concentration in Fig. 3, the value of
dm,./dC for PBLG is larger than that of PBDLG.
This can be attributed to the difference in the confor-
mation in monolayer states between PBLG and PBDLG.
In the conformation of synthetic polypeptides in
monolayers, the a-helical conformation is reported to be
one of the stable conformations.” Other conformations
can also exist depending upon conformation in the solid
state® or solution'¥) and stability of the helix.15:16) In
the presence of KF, contrary to the case of KSCN, the
transition pressure decreases linearly with the concen-
tration for polypeptide monolayers. The decrease of
transition pressure (Fig. 6) indicates that the adhesive
force of polypeptide to water becomes weak with the
formation of hydrated structure at the interface by the
action of F- as a maker of water structure.?

For mixed PBLG-C,,; acid monolayer, there is a
maximum value in transition pressure at 2 M KSCN.
On the other hand, for mixed PBDLG-C,, acid mono-
layer, the transition pressure increases linearly. This
can be associated with the difference in the stability of
the hydrophobic bonding between two mixed systems.
In analogy with SCN-, the presence of urea also gives
rise to the increase of transition pressure and the expan-
sion in single and mixed monolayers. For PBLG- and
PBDLG-C,; acid mixtures (1:1 (residue mol: mol)),
the effect of SCN- on transition pressure is more
remarkable than that of urea (Fig. 6). For PBLG-C,,
acid mixture in particular, the transition pressure gives
a maximum value at 2 M KSCN, while in the presence
of urea, the pressure increases linearly with concentra-
tion. A remarkable difference in the increment of
transition pressure is also observed for PBDLG-C,, acid
mixture, suggesting that the effect of SCN- on the
hydrophobic interaction is much larger than that of
urea. In the presence of KF, the decrease in transition
pressure is small (about 1dyn/em at 4 M KF), little
difference between PBLG and PBDLG monolayers, and
between mixed PBLG-C,, acid and mixed PBDLG-C,,
acid monolayers being observed. This suggests that the
hydrophobic bonding tends to be stabilized by the
action of F-.

The results suggest that the action of ions (SCN— and
F-) takes place on water and not primarily on the
monolayer components itself. The monolayer behavior
on salt subsolutions is closely related to the interfacial
water structure.

Effect of Urea. It would be enlightening to
elucidate the effect of urea in the polypeptide mono-
layers.

Film characteristics of synthetic polypeptides are
given in Table 1. Film compressibility extrapolated to
zero surface pressure, 0, is shown in the absence and
presence of urea, together with the increment of limiting
area and transition pressure against the urea concentra-
tion (d4,/dC and dn./dC). The change in limiting
area of polypeptide with increase in the concentration of
urea can be attributed to the penetration of a poly-
peptide monolayer by urea in the subsolution. The
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TABLE 1. FILM CHARACTERISTICS OF
SYNTHETIC POLYPEPTIDES
d4,/dC dn,,/dC 0 ((dyn/cm)-1)
Polypeptide (A2/ dyn, —_—
residue/M) cm/M) 0.01M HCI 6 M urea
PLO(Z) 2.47 0.83 0.0131 0.0202
PLL(Z) 2.42 0.72 0.0144 0.0205
PBLG 1.12 0.81 0.0270 0.0333
PBDLG-2 1.18 0.60 0.0151 0.0284

increments of the limiting areas of PBLG and PBDLG
against urea concentration differ a great deal from those
of PLO(Z) and PLL(Z). This suggests that the surface
activity of urea depends on the difference in the composi-
tion and geometrical arrangement of side chains between
benzyloxycarbonyl derivatives of basic poly(amino acid)
and benzyl esters of acidic poly(amino acid).

In the presence of 6 M urea, the film compressibility
of a polypeptide increases considerably. The film
transition pressure increases with urea concentration.
This indicates that the affinity of hydrophobic moieties
of polypeptide side chains to water and the side chain
flexibility increase with the penetration by urea as a
breaker of water structure.»'%8) The value of dz,,/dC
for PBLG (0.81) is larger than that for PBDLG (0.60).
This suggests that urea molecules mainly affect the side
chains in the a-helical region of a polypeptide molecule.

Any deviation of mixed monolayer behavior from
the additivity rule of molecular area might give useful
information as regards the miscibility and interaction
in the film. Figure 7 shows the mean molecular areas
of mixed PLL(Z)-C,, acid and mixed PLL(Z)-Cq
acid monolayers as a function of lipid mole fraction in the
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Fig. 7. Mean molecular area of mixed monolayers as a

function of lipid mole fraction at 25 °C. -——-:0.01 M
HCl, :6 Murea. a) PLL(Z)-C, acid (O: 2 dyn/
cm, (J: 4dyn/cm, @: 6dyn/cm). b) PLL(Z)-Cy,
acid(QO: 2 dyn/cm, (»: 4 dyn/cm, @: 6 dyn/cm).
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Fig. 8. Transition pressure of mixed monolayers as a
function of lipid mole fraction in various concentration
of urea at 25 °C. a) PLO(Z)-C,, acid ( ), PLL(Z)-
Cy4 acid(-——). b) PLO(Z)-C; acid (—), PLL(Z)-
Cyg acid(———-). c¢) PBLG-C,, acid. d) PBDLG-C,,
acid. @:6 M urea, @: 3 M urea, (O: 1 M urea, O:
0.01 M HCIL.

absence and presence of 6 M urea. When PLL(Z) is
mixed with C,, acid which forms an expanded mono-
layer, the maximum negative deviation is observed at
about 0.2 mole fraction of the acid in the absence of urea.
However, no deviation from the additivity rule takes
place in the presence of 6 M urea. A similar tendency
was observed for mixed PLO(Z)-C,, acid monolayers.

When there is no deviation from the additivity rule
of mean molecular areas, it is difficult to determine the
miscibility in the film. Figure 8 shows the transition
pressure as a function of lipid mole fraction for mixed
monolayers of fatty acid with PLO(Z), PLL(Z), PBLG
or PBDLG for various concentrations of urea. The film
transition pressure caused by the polymer component
increases with C,, acid mole fraction (Fig. 8-a). The
surface phase rule'®20 predicts that two film components
are miscible in the presence and absence of urea in the
subsolutions. In the presence of 6 M urea, the transition
pressure increases linearly with lipid mole fraction. This
suggests that an ideal surface mixture of PLO(Z) (or
PLL(Z)) and C,, acid is formed in the film at high
concentration of urea.

The molecular area additivity rule® holds in other
mixed monolayers such as PLO(Z) with Cyg acid,
PLL(Z) with C,3 acid, PBLG with Cy4 acid, and
PBDLG with C,; acid. On the other hand, the film
transition pressure against lipid mole fraction for these
mixed monolayers indicates that the film components
are miscible, irrespective of urea concentration (Figs.
8-b, -c, and -d).

The formation of an ideal surface mixture can be
ascribed to the breaking of hydrated structure around
the hydrophobic moieties of polypeptide and lipid by
the action of urea. As a result, the affinity of polypeptide
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side chains and a nonpolar portion of the lipid to water?)
and the flexibility of polypeptide side chains increase.
This might be supported by the film expansion (Figs. 2
and 4) and the increased compressibility of polypeptide
monolayers in the presence of urea (Table 1).

From the conformational aspects of polypeptide
monolayers, the action of urea on the interactions of
PBLG-lipid and of PBDLG-lipid in monolayers are of
interest. The perturbed o-helix portion of PBDLG
molecule might be unfolded in the monolayer state owing
to the relatively weak stability of the helix.15:16) The
interaction of PBDLG and lipid is weak as compared
with that of PBLG and lipid.®» The results shown in
Figs. 8-c and -d indicate that the change in transition
pressure against C;; acid mole fraction is smaller for
PBDLG than for PBLG. This supports the view that
the perturbed helix is unstable in monolayers. Urea
molecules predominantly attack the hydrophobic
moieties around the regular helix.

This research was supported by a Scientific Research
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References

1) W. B. Dandliker and V. A. de Saussure, “The Chemis-
try of Biosurface,” ed by M. L. Hair, Marcel Dekker, New
York (1971), Vol. 1, p. 1.

2) W. Drost-Hansen, “Chemistry of the Cell Interface,”
ed by H. D. Brown, Academic Press, New York (1971), Part B,

. L
i 3) T. Yamashita, A. Shibata and S. Yamashita, Chemn.
Lett., 1978, 11.

Effect of Water Structure on Monolayers

2761

4) R.W. Gurney, “Ionic Processes in Solution,” McGraw-
Hill, New York (1953), Chap. 9.
5) S. Subramanian, D. Balasubramaniam, and J. C.
Ahluwalia, J. Phys. Chem., 73, 266 (1969).
6) T. Yamashita, A. Shibata, and S. Yamashita, Bull.
Chem. Soc. Jpn., 51, 2751 (1978).
7) J. Ralston and T. W. Healy, J. Colloid Interface Sci.,
42, 629 (1973).
8) D. F. Sears, J. Colloid Interface Sci., 29, 288 (1969).
9) B. R. Malcolm, Proc. R. Soc. London, Ser. A, 305, 363
(1968).
10) B. R. Malcolm, Prog. Surface Membrane Sci., 7, 183
(1973).
11) Y. Hatefi and W. G. Hanstein, Proc. Natl. Acad. Sci.
U.S.A., 62, 1129 (1969).
12) S.B. Schryver, Proc. R. Soc. London, Ser. B, 83,96 (1910).
13) T. Yamashita, Nature, 231, 445 (1971).
14) G. I. Loeb and R. E. Baier, J. Colloid Interface Sci., 27,
38 (1968).
15) T. Yamashita and S. Yamashita, Maku (Membrane,
in Japanese), 2, 291 (1977).
16) T. Yamashita and S. Yamashita, Bull. Chem. Soc. Jpn.,
43, 3969 (1970).
17) E. G. Finer, F. Franks, and M. J. Tait, J. Am. Chem.
Soc., 94, 4424 (1972).
18) H. D. Ellerton and P. J. Dunlop, J. Phys. Chem., 70,
1831 (1966).
19) D. J. Crisp, “Surface Chemistry Suppl. Research,”
London (1949), p. 17.
20) G. L. Gaines, Jr., “Insoluble Monolayers at Liquid=
Gas Interfaces,” Interscience, New York (1966), p. 281.
21) J. A. Rupley, J. Phys. Chem., 68, 2002 (1964).
22) G. I. Loeb, J. Polym. Sci., Part C, 34, 63 (1971).






