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The Interaction of Polyphenols with Bilayers: Conditions for Increasing
Bilayer Adhesion
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ABSTRACT Because proteins and other molecules with a high polyphenol content are commonly involved in adhesion
processes, we are investigating the interactions between polyphenols and biological materials. A naturally occurring
polyphenol that binds a variety of proteins and lipids is tannic acid (TA), which contains five digallic acid residues covalently
linked to a central p-glucose. A previous study has shown that TA increases the adhesion between apposing phosphatidyl-
choline (PC) bilayers and over a very narrow concentration range collapses the interbilayer fluid space from about 15 Atos
A. To determine the chemical requirements a polyphenolic molecule must possess to increase bilayer adhesion, we have
synthesized several simpler TA analogs that vary in their size, shape, and number of gallic acid and hydroxyl groups. X-ray
diffraction, absorbance, binding, and differential scanning calorimetry measurements were used to investigate the interaction
of these polyphenolic molecules with egg PC (EPC) and dipalmitoyl PC (DPPC) bilayers. Of these synthetic polyphenols, only
penta-O-galloyl-a-p-glucose (PGG) was able to completely mimic the effects of TA by collapsing the interbilayer fluid space
from 15 A to 5 A, decreasing the dipole potential by about 300 mV, increasing the transition enthalpy of DPPC liposomes, and
inducing an interdigitated phase in DPPC. Binding studies indicated that the fluid space was reduced to 5 A at an EPC:PGG
mole ratio of 5:1. We conclude that these polyphenols collapse the fluid space of PC bilayers because they 1) are amphipathic
and partition into the bilayers interfacial region, 2) are long enough to span the interbilayer space, 3) contain several gallic
acids distributed so that they can partition simultaneously into apposing bilayers, and 4) have sufficient gallic acid residues
to interact with all lipid headgroups and cover the bilayer surface. Under these conditions we conclude that the polyphenols
form interbilayer bridges. We argue that these bridges are stabilized by increased adhesion arising from an increased van der
Waals interaction between apposing bilayers, electrostatic interactions between the 7 electrons in the phenol ring and the
—(N*CH,); groups on the PC headgroups, decreased hydration repulsion between bilayers, and hydrogen bonds between

the H-bond-donating moieties on the polyphenols and H-bond-accepting groups in the bilayer.

INTRODUCTION

Adhesion between biological membranes occurs primarily
through specific proteins that form molecular bridges that
stabilize intermembrane interactions (Springer, 1990). Be-
cause such systems are inherently complex, relatively little
is known about the intermembrane separations and adhesion
energies involved in these interactions. In contrast, the
nonspecific adhesion between lipid bilayers, such as phos-
phatidylcholines (PC), are now reasonably well understood
(Evans, 1991). The magnitude of the adhesion energy is
determined by the balance between nonspecific attractive
and repulsive energies (Evans and Parsegian, 1986). For
PCs the attractive interaction is thought to arise entirely
from van der Waals interactions (Israelachvili, 1985; Par-
segian et al., 1979), although for other neutral lipids, such as
phosphatidylethanolamines, interbilayer H bonds through
water bridges or direct electrostatic interactions between
apposing headgroups also contribute to the attractive inter-
actions (McIntosh and Simon, 1986a; Seddon et al., 1984;
Rand et al., 1988; Damodaran and Merz, 1994; Mclntosh
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and Simon, 1996). Even between hydrated neutral bilayers
there are several repulsive interactions that have markedly
different ranges and magnitudes that are not always easy to
separate. These include a short-range hydration pressure,
which arises from the reorientation of the water interacting
with the bilayer surface (Marcelja and Radic, 1976; Le-
Neveu et al., 1977; Parsegian et al., 1979; McIntosh and
Simon, 1986b; Rand et al., 1988; Rand and Parsegian, 1989;
Mclntosh and Simon, 1993), and steric pressures that de-
pend on the size and volume fraction of the headgroups
(MclIntosh et al., 1987, 1989a; McIntosh and Simon,
1994b), thermally induced out-of-plane undulations of the
bilayer (Helfrich, 1973; Helfrich and Servuss, 1984; Evans
and Parsegian, 1986; Evans, 1991; Mclntosh et al., 1989c;
Mclntosh and Simon, 1993), or protrusions of individual
lipid molecules (Israelachvili and Wennerstréom, 1990,
1992).

For the past several years there has been considerable
interest in determining the effects that exogenously added
molecules have on these attractive and repulsive interac-
tions, and consequently on bilayer adhesion. For electrically
neutral phosphatidylcholine (PC) bilayers the interbilayer
fluid space can be increased, and consequently the adhesion
energy decreased, by the addition of fatty acids, which
increase electrostatic repulsion (McIntosh and Simon,
1996); ketocholesterol, which increases the hydration pres-
sure (Simon et al., 1992); the ganglioside GM1, which
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increases the steric and electrostatic repulsion between
headgroups (McIntosh and Simon, 1994b); and lysolecithin,
which increases the undulation pressure (McIntosh et al.,
1995). The interbilayer fluid spacing can be decreased, and
the adhesion energy increased, by the addition of large
polymers (such as polyethyleneglycol) that do not adsorb to
the membrane surface but increase the osmotic pressure in
the bulk phase relative to the interbilayer space (Parsegian
et al., 1979, 1986; Evans, 1991). However, as most mole-
cules that induce adhesion between membranes bind to or
are attached to them, it follows that if they were to decrease
the fluid spacing they would have to decrease one or more
of the nonspecific repulsive pressures, increase the attrac-
tive van der Waals pressure, or, like adhesion molecules,
form bridges between the bilayers.

We decided to investigate polyphenolic molecules as
possible candidates for molecules that can increase the
adhesion between biological surfaces. Of the naturally oc-
curring polyphenols, tannic acid (TA) (see Fig. 1) was
originally chosen to be investigated because it precipitates
or complexes with a variety of macromolecules, including

1. 1,2-ethanediol-bis-(3,4-dihydroxy)benzoate
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alkaloids, polymers, polysaccharides, cyclodextrins, and
proteins having H-bond acceptors (Haslam et al., 1989).
Such proteins include proline-rich proteins found in saliva
(Glendinning, 1992). Moreover, proline-rich proteins found
in spider webs (Andersen, 1970; Guerette et al., 1996) and
3,4-dihydroxybenzene-rich proteins secreted by barnacles
(Waite, 1983) are involved in important adhesion processes
for these animals. Polyphenols such as tannic acid appear to
associate with macromolecules by simultaneously donating
many hydrogen bonds to H-bond-accepting groups (Haslam
et al., 1989) and by hydrophobic interactions arising from
the aromatic rings on its gallic acids (Oh et al., 1980). The
hydrophobic interaction ensures that TA interacts at inter-
facial regions where the dielectric constant is lower than in
bulk solution, so that the H bonds that form are stronger
than they would be in water (Nowick et al., 1994; Shan et
al., 1996).

Early studies of the effects of tannic acid on bilayers were
performed to understand its fixative properties, especially
with phosphatidylcholines (Kalina and Pease, 1977). Kalina
and Pease suggested that TA interacts with the choline
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group of PC to form a “complex” that can be stabilized
against dehydration and then stained with OsO,. Under
these fixed conditions they found that multilayers of di-
palmitoylphosphatidylcholine (DPPC) have a periodicity of
45 A, which is significantly less than the repeat period of 64
A obtained from x-ray measurements in excess water (Tar-
dieu et al., 1973; MclIntosh, 1980). In addition, Schrijvers et
al. (1989) found that in thin sections egg phosphatidylcho-
line (EPC) fixed with TA has a periodicity of 48 A, which
is markedly reduced from its repeat period of 63 A obtained
from x-ray measurements in excess water (Tardieu et al.,
1973; LeNeveu et al., 1977; McIntosh and Simon, 1986b).
Schrijvers et al. (1989) also found that when high concen-
trations of TA are added to small unilamellar vesicles, the
vesicles break to form multilayers. X-ray diffraction mea-
surements showed that TA decreases the fluid spacing be-
tween gel and liquid crystalline PC bilayers to about 5 A
(Simon et al., 1994). Based on x-ray diffraction, NMR, and
monolayer data, we (Simon et al., 1994) hypothesized that
TA decreases the interbilayer fluid spacing by forming
bridges between apposing bilayers.

Although TA (molecular weight 1701) is a relatively
simple molecule compared with adhesion proteins, analyses
of its interaction with lipids are nevertheless quite compli-
cated because TA contains five digallic acid moieties, each
covalently bonded to a p-glucose (Fig. 1). In this regard we
do not know what characteristics a polyphenol must possess
to markedly reduce the fluid spacing between bilayers. For
example, it is not known how many gallic acids are required
or even if the digallic acid moieties are essential. To learn
which characteristics may be important, we analyze in this
paper a variety of smaller and simpler polyphenols that have
either been synthesized or bought from commercial sources.
Compounds were tested that vary in their overall length and
number and/or orientation of their hydroxyl groups. In this
regard, it was found that in investigating the interaction of
polyphenols with B-galactosidase that the greater the num-
ber of gallic acid residues on the central glucose, the lower
the concentration needed for precipitation (Haslam, 1974;
Haslam et al., 1989). To test whether a particular polyphe-
nol mimics the effects of TA in reducing the fluid spacing
between PC bilayers, we investigate p-methyl gallate and
the following compounds, the structures of which are given
in Fig. 1: compound I (two dihydroxybenzoic acids linked
by ethylene glycol); compound II (two gallic acids linked by
ethylene glycol); compound III (two gallic acids linked by
tetraethylene glycol), the extended length of which is com-
parable to that of TA; compound IV (gallic acids in the 2
and 3 positions of D-glucose), and compound V (five gallic
acids covalently bound to p-glucose).

EXPERIMENTAL PROCEDURES
Materials and methods

EPC and dipalmitoylphosphatidylcholine (DPPC) were purchased from
Avanti (Alabaster, Al) and used without further purification. Salts were
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reagent grade. The following chemicals were purchased from Aldrich
(Milwaukee, WI): methyl gallate (methyl 3,4,5-trihydroxybenzoate)
(98%), oxalic acid, 3,4-dihydroxybenzoic acid, t-butyldimethylchlorosi-
lane, imidazole, gallic acid, tertaethylene glycol, tetrabutylammonium flu-
oride, benzyl chloride, dimethylaminopyridine, 4,6-O-(benzyldiene)m-
ethyl-a-D-glucopyranoside, and trifluoroacetic acid. Tannic acid was
purchased from Fluka Chemical Company (Buchs, Switzerland). To purify
the TA, it was dissolved in a small amount of ethanol and a large amount
of ether. The solid materials were removed by filtration, and after evapo-
ration a pale yellow powder was obtained with a melting point of 209.4°C,
in good agreement with the literature value for TA (Weast, 1984). Poly-
vinylpyrrolidone (PVP) (average MW 40,000 (x-ray) and 3,000 (monolay-
er)) was purchased from Sigma Chemical Co. Water was passed through
organic and ion exchange filters. Unless otherwise stated, 100 mM NaCl,
1 mM HEPES at pH 7.0 was used as our standard buffer.

Synthesis of compounds

All solvents were distilled before use. Reactions were run in flame-dried
glassware under nitrogen. Proton nuclear magnetic resonance ('"H NMR)
spectra were obtained on a Varian XL-300 spectrometer. Chemical shifts
are reported in ppm downfield from tetramethylsilane (TMS) with residual
solvent such as CDCl; as an internal standard. Melting points were ob-
tained on a Thomas-Hoover capillary melting point apparatus and were
uncorrected.

The compounds given Roman numerals were synthesized for the pur-
pose of investigating their effects on phosphatidylcholine monolayers and
bilayers. However, to achieve this other compounds required as synthetic
intermediates were also prepared.

tert-Butyldimethylsilyl-3,4,-(bis-tert-
butyldimethyisilyloxy)benzoate

The compounds 3,4-dihydroxybenzoic acid (5.25 g), tert-butyldimethyl-
chlorosilane (15.39 g), and imidazole (9.28 g) were dissolved in 350 ml of
dimethylformamide (DMF) and stirred at 25°C for 12 h. After the reaction
was completed, 150 ml of water was added. The oil phase was extracted
twice with 400 ml ether. The extracts were pooled; washed with 5%
NaHCO,;, 5% HCI, and water; and then dried over MgSO,. The drying
agent was removed by filtration, and the solvent was evaporated to produce
a yellow oil that solidified upon cooling. This solid was purified by flash
chromatography with 5% EtOAc in hexane (R; = 0.45) and gave 15.8 g,
93% of the theoretical yield of fert-butyldimethylsilyl-3,4,-(bis-tert-bu-
tyldimethylsilyloxy)benzoate. The melting point (m.p.) of this compound
was 144-146°C. '"H NMR (CDCl,, ppm): 7.59 (dd, J = 8.4, 2.1 Hz, 'H;
Ar-6-H), 7.55 (d, J = 2.1 Hz, 'H; Ar-2-H), 6.85 (d, J = 8.1 Hz, 'H;
Ar-5-H), 0.98 (s, 18 H), 0.97 (s, 9 H), 0.21 (s, 12 H), 0.20 (s, 6 H).

1,2-Ethanediol bis-3,4-di(tert-
butyldimethylsilyloxy)benzoate

Ten grams of tert-butyldimethylsilyl-3,4,-(bis-tert butyldimethylsilyloxy)
benzoate was added to 30 ml CH,Cl, containing 5 drops of DMF and 2.7
ml of oxalyl chloride added dropwise at room temperature. After stirring
for 2 h at room temperature, the solvent was evaporated and the residual
oily product was dissolved in 50 ml of CHCl; and evaporated twice to give
3,4-bis(tert-butyldimethylsilyloxy)benzoyl chloride in quantitative yield.
'H NMR (CDCl;, ppm): 7.61 (dd, J = 8.4, 2.4 Hz 'H; Ar-6-H), 7.54 (d,
J = 24 Hz, 'H; Ar-2-H; 6.85 (/ = 84, 'H; Ar-5-H), 0.95 (s, 9 H;
4-Si-C(CHj);), 0.94 (s, 9 H; 3-Si-C(CH,)3), 0.21 (s, 6 H; 4-Si-C(CH5),),
0.20 (s, 6 H; 3-Si-C(CH,),). This compound was then dissolved in 30 ml
CHCI; and 2.9 g N,N-dimethylaminopyridine and 0.51 ml anhydrous
ethylene glycol added dropwise at room temperature. After 12 h the
solution was poured into 200 ml of water and extracted twice with 200 ml
ether. The extract was dried over MgSO,, filtered, and condensed to give
a viscous, milky oil. This oil was purified by flash column chromatography
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(5% EtOAc in hexane, R, = 0.32) to give 6.05 g 1,2-ethanediol bis-3,4-
di(tert-butyldimethylsilyloxy)benzoate (85% yield) as a white solid with a
melting point of 79-80°C. 'H NMR (CDCl,, ppm): 7.55 (d, J = 2.1 Hz,
2 H; Ar-2H), 7.52 (m, 2 H; Ar-6H), 6.81 (d, J = 8.1 Hz, 2 H; Ar-5H), 4.58
(s, 4 H; CO,CH,), 0.96 (s, 18 H; 4-Si-C(CH,);), 0.95 (s, 18 H; 3-Si-
C(CH3)3), 0.20 (s, 12 H; 4-Si-(CH3),), 0.19 (s, 12 H; 3-Si-(CHj),).

1,2-Ethanediol bis-3,4-(dihydroxy)benzoate (compound |,
Fig. 1)

1,2-Ethanediol bis-3,4-di(tert-butyldimethylsilyloxy)benzoate (3.76 g) was
dissolved in 20 ml THF. To this solution, 10 ml tetrabutylammonium
fluoride was added portionwise, and 4 ml 48% HF was added to keep the
pH between 5.0 and 8.0. The solution was stirred at room temperature until
completion (2 h) as judged by TLC (R; = 0.0; 2:1 hexane:EtOAc). The
solution was then poured into a separatory funnel containing 200 ml of 5%
NaHCO; and 100 ml of ether. The organic phase was washed with water,
dried over MgSO,, filtered, and condensed to give 1.5 g 1,2-ethanediol
bis-3,4-(dihydroxy)benzoate (95% yield) as a pale yellow powder with a
melting point of 226-228°C. 'H NMR (de-acetone, ppm): 8.64 (s, 2 H;
4-Ar-OH), 8.33 (s, 2 H; 3-Ar-OH), 7.51 (d, J = 2.1 Hz, 2 H; Ar-2-H) 7.46
(dd, J = 8.4, 2.1 Hz, 2 H; Ar-2-H), 6.88 (d, J = 8.4 Hz, 2 H; Ar-5-H) 4.58
(s, 4 H; CO,CH,).

tert-Butyldimethylsilyl-3,4,5-(tris-tert-
butyldimethylsilyloxy)benzoate

The same method was employed as in the preparation of fert-butyldimeth-
ylsilyl-3,4,-(bis-tert-butyldimethylsilyloxy)benzoate. This compound had a
melting point of 83-84°C and was characterized using '"H NMR (CDCl,,
ppm) by the following parameters: 7.22 (s, 2 H; Ar-2, 6-H), 1.0 (s, 9 H;
CO,-Si-C(CHs;);), 0.98 (s, 9 H; 4-Si-C(CH3);), 0.92 (s, 18 H; 3, 5-Si-
C(CH,)5), 0.35 (s, 6 H; CO,-Si(CH5),, 0.23 (s, 12 H; 3, 5-Si(CH3),), 0.12
(s, 6 H; 4-Si-(CH,),).

3,4,5-(Tris-tert-butyldimethylsilyloxy)benzoic acid

tert-Butyldimethylsilyl-3,4,5,-(tris-tert-butyldimethyl-silyloxy) ~benzoate
(12.55 g at room temperature) was dissolved in 50 ml THF containing 10
ml DMF and 30 m! 1 N HCI. After the solution was stirred for 3 h, 100 ml
water was added, and the compound was extracted twice with 200 ml ether.
The extract was pooled, dried over MgSO,, filtered, and condensed to give
a white powder. The solid was then dissolved in a minimum amount of
EtOAc and purified by flash column chromatography (2:1 hexane:EtOAc;
R; = 0.25) to give 9.85 g (96%) 3,4,5-(tris-tert-butyl dimethylsilyloxy-
ybenzoic acid. This compound had a melting point of 223-224°C. 'H NMR
(CDCl,, ppm): 7.29 (s, 2 H; Ar-2,6-H), 1.02 (s, 9 H; 4-Si-C(CH,);), 0.97
(s, 18 H; 3,5-Si-C(CH,);), 0.25 (s, 12 H; 3,5-Si(CH3),), 0.17 (s, 6 H;
4-Si(CH,),).

1,2-Ethanediol bis-3,4,5-tri(tert-
butyldimethylsiloxy)benzoate

3,4,5-(Tris-tert-butyldimethylsilyloxy)benzoic acid (5 g) was converted to
the corresponding benzoyl chloride using the same method as in the
synthesis of 1,2-ethanediol bis-3,4-di(tert-butyldimethylsilyloxy)benzoate
(see above). 1,2-Ethanediol bis-3,4,5-tri(tert-butyl-dimethyl siloxy)benzo-
ate was prepared as described for the preparation of 1,2-ethanediol bis-
3,4-di(tert-butyldimethylsilyloxy)benzoate. That is, after waiting 2 days
for the reaction to be completed, 200 m! water was added, and the
compound was extracted twice with 200 ml ether. The organic layer was
washed and evaporated, and the product was then purified by flash column
chromatography (5% EtOAc in hexane, R; = 0.42) to give 3.25 g 1,2-
ethanediol bis-3,4,5-tri(tert-butyldimethylsiloxy)benzoate (65% yield).
1,2-Ethanediol bis-3,4,5-tri (tert-butyldimethylsiloxy)benzoate has a melt-
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ing point of 98-99°C and was characterized using 'H NMR (CDCl,, ppm):
7.23 (s, 4 H; Ar-2,6-H): 4.56 (s, 4 H; CO,CH,): 1.0 (s, 18 H; 4-Si-
C(CH,)3): 0.92 (s, 36 H; 3,5-Si-C(CHa)3): 0.22 (s, 24 H; 3,5-Si(CHj,),):
0.14 (s, 12 H; 4-Si(CH,),).

1,2-Ethanediol bis-3,4,5-trihydroxybenzoate (compound i,
Fig. 1)

A solution containing 3.25 g 1,2-ethanediol bis-3,4,5-tri(tert-butyldimeth-
ylsiloxy)benzoate was treated as described in the synthesis of compound 1.
After the reaction was completed, the solution was poured into 100 ml
water and extracted five times with 100 ml ether containing 10% THF. The
solvents were evaporated, and the remaining solid was then dissolved in 5
ml boiling EtOH to which 200 ml ether was added. The precipitated
tert-butyl dimethylsilane salt was removed by filtration. Finally, hexane
was added to the above solution to obtain a colorless oily precipitate that
upon drying transformed into 0.903 g of a white amorphous powder (85%
yield). Compound II had a melting point of 273-274°C. '"H NMR (d¢-
DMSO, ppm): 7.27 (s, 4 H; Ar-2, 6-H): 4.45 (s, 4 H; CO,CH,).

Tetraethyleneglycol bis-3-4-5-tri(tert-
butyldimethyisilyloxy)benzoate

Starting with 5 g 3,4,5-(tris-tert-butyldimethylsilyloxy)benzoic acid and
using the same methods as described for the preparation of 1,2-ethanediol
bis-3,4,5-tri(tert-butyldimethyl siloxy)benzoate, we prepared tetraethyl-
eneglycol bis-3-4-5-tri(tert-butyldimethylsilyloxy) benzoate. This com-
pound was purified by flash column chromatography (5% EtOAc in
hexane, R; = 0.35) to give 3 g of the oily product (52% yield). 'H NMR
(d-DMSO, ppm): 7.22 (s, 4 H; Ar-2,6-H), 440 (t, J = 4.1, 4 H;
CO,CH,CH,), 3.80 (t, J = 4.0, 4 H; CO,CH,), 3.67 (m, 8 H;
CH,CH,0CH,CH,), 0.97 (s, 18 H; 4-Si-C(CH3);), 0.93 (s, 36 H; 3,5-Si-
C(CHs,)5), 0.22 (s, 24 H; 3,5-Si(CH}),), 0.13 (s, 12 H; 4-Si(CH,),).

Tetraethyleneglycol bis-3,4,5-trihydroxybenzoate
(compound Ill, Fig. 1)

The same methods that were employed for the preparation of compound II
were used to prepare 1.1 g compound III (87% yield; m.p. = 29-30°C). 'H
NMR (de-DMSO, ppm): 6.95 (s, 4 H; Ar-2,6-H), 427 (d, 4 H;
CO,CH,CH,), 3.68 (d, 4 H; CO,CH,), 353 d, J = 75, 8 H;
CH,CH,0OCH,CH,).

Methyl-2,3-di-(tri-O-benzyl)galloyl-4,6-O-benzylidene-a-p-
glucopyranoside

To 30 ml CHCl, was added 2.35 g (+)-(4,6-O-benzylidene)methyl-a-D-
glucopyranoside, 5 ml pyridine, 0.5 g dimethylaminopyridine and 9.17 g
3,4,5-tri-O-benzylgalloyl chloride, and the resulting solution was then
stirred at 61°C for 4 days. The resulting solution was diluted with 150 ml
CHClI,; and then washed in a separatory funnel successively with 200 ml
water, saturated CuSO,, 0.05 M HCI, water, and dilute NaHCO;. The
solvent was then evaporated and the residue was dissolved in EtOAc and
purified using flash column chromatography with EtOAc:hexane 1:2.5 as
the solvent system (R; = 0.48). The solvent was evaporated to yield 5.82 g
(62% yield) of a white solid (methyl-2,3-di-(tri-O-benzyl)galloyl-4,6-O-
benzylidene-a-D-glucopyranoside) with a m.p. = 180-180.5°C. This com-
pound was characterized by '"H NMR (CDCl,) by the following parame-
ters: 7.35 (m, 39 H, Ar), 6.07 (t, 'H, C-3), 5.60 (s, 'H; benzylidene), 5.28
(t, 'H; C-1), 5.19 (t, 'H, C-2), 4.90-5.10 (m, 'H; C-4), 4.12 (m, 'H, C-5),
3.93 (m, 2 H; C-6), 3.48 (s, 3 H; CH,).
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Methyl 2,3-di-(tri-O-benzyl)galloyl-a-p-glucopyranoside

Methyl-2,3,-di-(tri-O-benzyl)galloyl-4,6-O-benzylidene-a-D-glucopyranoside
(5.4 g) was dissolved in 25 ml dichloromethane, 2.5 ml trifluoroacetic acid,
and 0.5 ml water at room temperature. After 5 min the mixture was diluted
with 75 ml dichloromethane and washed with saturated NaHCO,, and then
with water. The solution was then dried over MgS0, and evaporated to
obtain 4.58 g (92% yield) of methyl 2,3,-di-(tri-O-benzyl)galloyl-a-D-
glucopyranoside. This white waxy compound had R; = 0.23 in EtOAc:
hexane (1:1). "H NMR (CDCl,): 7.36 (m, 34 H; phenyl), 5.77 (t, 'H; C-3),
5.21(t, 'H; C-1), 5.16 (m, 'H, C-2), 4.95-5.07 (m, 12 H; benzyl), 4.03 ((t,
'H; C-4), 3.98 (m, 2 H; C-6), 3.97 (m, 'H, C-5), 3.47 (s, 3 H; CH,).

Methyl-2,3-di-galloyl-a-pb-glucopyranoside (compound IV,
Fig. 1)

Methyl-2,3,-di-(tri-O-benzyl)galloyl-a-D-glucopyranoside (4 g) in 50 ml
THF was reduced with hydrogen at room temperature over 10% palladized
charcoal for 12 h. The solution was then filtered through Cellite powder,
the filtrate was then evaporated and redissolved in EtOAc, and hexane was
added to yield a precipitate that was dried to give 1.75 g (91% yield) of a
white powder, methyl 2,3-di-galloyl-a-D-glucopyranoside. This compound
had a m.p. = 241-244°C. '"H NMR (DMSO): 6.83 (m, 4 H; gallic phenol),
5.44 (t, 1 H; C3), 4.84 (m, 1 H; C-1), 481 (m, 1 H; C-2), 3.98 (m, 2 H;
C-6), 3.614 (m, 1 H; C-5), 3.266 (s, 3 H; CHj;).

Penta-O-galloyl-a-p-glucose (compound V, Fig. 1)

This compound was prepared using the procedure of Armitage et al.
(1961).

Absorbance measurements

Large unilamellar vesicles (LUVs) (~0.1 wm diameter) were formed from
multilamellar lipid vesicles (MLVs) by the freeze-thaw high-pressure
extrusion method (Hope et al., 1985). In brief, EPC (3 mg) in excess water
(6 ml) was vortexed to form MLVs. MLVs were then freeze-thawed six to
eight times and extruded through 0.1-um polycarbonate filters in 100 mM
buffer 10-20 times. The final lipid concentration was 1 mg/ml within 10%
error, as determined by independent phosphate concentration measure-
ments. Absorbance measurements of these dispersions were performed at
25°C on a dual-beam Shimadzu spectrophotometer at a wavelength of 560
nm in a thermostatted cuvette stirred with a small magnetic stirring bar.
The reference cell contained only buffer. With the exception of TA and
glucose, which were in buffer, small aliquots of concentrated stock solu-
tions of the other compounds in methanol were added to the cuvette with
a Hamilton syringe. In control measurements these small concentrations of
methanol (a few microliters) did not significantly affect the absorbance of
LUVs. Only steady-state changes in absorbance are reported.

Polyphenol binding measurements

The number of polyphenols bound to EPC vesicles that resulted in a
significant increase in absorbance was determined by obtaining the total
lipid concentration and the free polyphenol concentration. The total phos-
phate concentration was obtained by a modified Bartlett procedure. The
free polyphenol concentration was obtained by first forming LUVs of EPC
at 1 mg/ml as described above. Polyphenols at various concentrations were
then added, and the suspension was vortexed and centrifuged at 5000 rpm
for 2 h through ultracentrifuge filter units with a 0.22-um pore size (PGC
Scientific Gaithersberg, MD). In separate experiments without lipid present
we found that the polyphenols, namely PGG and TA, passed completely
through the filter. The filtrates were washed with CHCl, to remove the
small amount of lipid that passed through the filter. The concentrations of
TA and PGG in the filtrates were then obtained by UV spectrometry.
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Microelectrophoresis

The electrophoretic mobility (u) for EPC vesicles was measured at 25°C
with a Rank Brothers Mark 1 apparatus using methods described previously
(Simon et al., 1994). Approximately 0.1 mg of lipid per 10 ml of buffer
(100 mM NaCl in 1 mM HEPES at pH 7.0) was vortexed for about 1 min
to obtain a uniform-looking dispersion. The zeta potential ({) was calcu-
lated using the Helmholtz-Smoluchowski equation, which at 25°C reduces
to { = 12.85 ., where p is in um s~!/V cm™' (Hunter, 1986).

Differential scanning calorimetry

Samples were prepared by codissolving DPPC with individual polyphenols
(usually with methanol) at various mole fractions. The solvent was evap-
orated, placed in a stainless steel calorimeter sample pan, and weighed. The
standard buffer (100 mM NaCl, 1 mM HEPES at pH 7.0) was added to the
sample pan at about four times the weight of the lipid, and the pan was then
sealed. The lipid dispersion was heated to 55°C (above its transition
temperature) for about 2 h, allowed to cool to room temperature, and
placed in a Perkin-Elmer DSC7 calorimeter, where it was heated at
2°C/min. The reference cell contained only buffer. The samples were
heated and cooled until the same scans were obtained on successive heating
cycles.

Dipole potential measurements

Dipole potentials (V) were measured as described previously (MacDonald
and Simon, 1987; Simon et al., 1991). Monolayers were formed by spread-
ing 10 pul of a 10 mg/ml lipid in hexane:ethanol (9:1 v/v) solution onto a
subphase of 0.1 M NaCl, 1 mM HEPES (pH 7.0) in a trough with a surface
area of about 20 cm?. The solution was stirred with a small Teflon-coated
magnetic flea. Under these conditions the packing of the lipid molecules in
the monolayer is approximately the same as it is in multilayers (Mac-
Donald and Simon, 1987). The dipole potential was measured at room
temperature between a Ag/AgCl electrode in the subphase and a 2*'Am
electrode in air using a electrometer (model 602; Keithley Instruments Co.,
Cleveland, OH). The values of V represent the difference in the potential of
the subphase surface in the presence and absence of the lipid monolayer.
Changes in the dipole potential (AV) produced by polyphenolic compounds
were obtained by injecting them into the subphase from stock solutions
having the same salt concentrations as the subphase. Those polyphenols
that were sparingly soluble in water were dissolved in methanol. The
amount of methanol injected into the subphase did not affect the dipole
potential.

X-ray diffraction

X-ray diffraction analysis was performed on unoriented suspensions of
multiwalled vesicles and on oriented multilayers in controlled humidity
atmospheres. Three methods were used to prepare the suspensions. In the
first method, used for most experiments, solutions of the various polyphe-
nols (Fig. 1) were added to LUVs as described for the absorbance mea-
surements. In the second method excess buffer containing the polyphenols
was added to dry lipid so that multilamellar vesicles were formed. To
ensure equilibration of the salt across the multilayers, several freeze-thaw
cycles were used. The first and second methods gave very similar results.
In the third method, the lipids and polyphenols were codissolved in
methanol at specific mole ratios, the solvent was evaporated, the excess
buffer was added, and the suspension was vortexed and allowed to incubate
above the lipid’s phase transition temperature. For each method, the
suspensions were pelleted with a bench centrifuge, sealed in quartz glass
x-ray capillary tubes, and mounted in a point collimation x-ray camera.
Oriented multilayers were formed by placing a drop of the methanolic
solution of lipid and polyphenol on a curved glass surface and removing
the methanol under a stream of nitrogen. The resulting oriented multilayers
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were mounted in a controlled humidity chamber on a line-focus x-ray
camera as described previously (Mclntosh et al., 1987, 1989a).

X-ray diffraction patterns were recorded on Kodak DEF x-ray film. The
films were processed by standard techniques and densitometered with a
Joyce-Loebl microdensitometer as described previously (McIntosh and
Simon, 1986b; McIntosh et al., 1987, 1989a). After background subtrac-
tion, integrated intensities, I(h), were obtained for each order 4 by mea-
suring the area under each diffraction peak. For unoriented patterns, the
structure amplitude F(h) was set equal to {h2I(h)}'"? (Blaurock and Worth-
ington, 1966; Herbette et al., 1977). Electron density profiles, p(x), on a
relative electron density scale were calculated from

p(x) = (2/d) Yexplip(h)} - F(h) - cos(2mxhld), (1)

where x is the distance from the center of the bilayer, d is the lamellar
repeat period, ¢(h) is the phase angle for order A, and the sum is over h.
Phase angles for EPC and DPPC bilayers containing PGG were determined
by comparing the observed structure amplitudes to the continuous trans-
forms previously observed for EPC and DPPC, respectively (MclIntosh et
al., 1983; McIntosh and Simon, 1986b). The resolution (d/2h,,,,) of the
profiles was 6-8 A.

RESULTS
Absorbance and binding measurements

Fig. 2 shows the absorbance changes at 560 nm (Asgo)
produced by the addition of compounds I-V, TA, methyl
gallate, and glucose to EPC LUVs in 0.1 M NaCl buffer.
Compound V (PGG; open circles) and TA (filled circles)
produced sigmoidal increases in absorbance, with the half-

9 8 7 6 5 4 3 2
log[Polyphenol] (M)

FIGURE 2 Absorbance changes in LUVs of egg phosphatidylcholine
vesicles produced by the addition of polyphenols. The steady-state changes
in absorbance (AA at 560 nm) are plotted against the polyphenol concen-
tration. Tannic acid (@) and compound V (PGG; O) both dramatically
increase the absorbance of the LUVs. Compound IV ((J) is about 100 times
less effective. The diamonds represent the responses produced by methyl
gallate or by glucose. The lines connecting the points have no theoretical
meaning.
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maxima increases occurring at about 10 uM. At the highest
concentrations these dispersions had a milky appearance
(Asgo = 2). Compound IV (open squares) also produced
large increases in Asg, but required about a 100-fold higher
concentration than for TA or PGG. The absorbance data for
compounds I, II, and III tracked those of IV until 1073 M
(not shown). At higher concentrations these compounds
aggregated in solution and contributed to the light scattering
and thus were not useful in characterizing the changes in
absorbance arising from their interaction with EPC LUVs.
Two water-soluble polyhydroxylated compounds, glucose
and methyl gallate, did not produce significant changes in
Aseo (Fig. 2). These two compounds were of interest be-
cause glucose forms the central core of IV, V, and TA, and
methyl gallate, in the form of gallic acid, is covalently
bound to the glucose moiety in IV, V, and TA. The exper-
iments with glucose and methyl gallate show that simply
increasing the osmotic pressure did not lead to a significant
increase in absorbance.

The number of EPC molecules per compound V (PGG)
and TA bound were obtained at concentrations that pro-
duced large increases in absorbance (1073, 1074, and 5 X
10~* M). Under these conditions the mole ratios of EPC:
PGG and EPC:TA were (mean of two experiments) 153:1
and 177:1 at 1075 M, 20.4:1 and 20.2:1 at 10~* M, and
4.75:1 and 4.63:1 at 5 X 10~* M. That is, at the bulk
concentration that produced the greatest increase in absor-
bance, the mole ratio of EPC to bound PGG or TA was
about 20:1.

Dipole potential

Traces of dipole potential readings for EPC and DPPC in
the absence and presence of polyphenols are shown in Fig.
3 A. As shown in the top trace, spreading liquid crystalline
phase EPC over the buffer subphase increased V by 410 =
20 mV. Injection of PGG into this subphase decreased V in
a concentration-dependent manner up to a concentration of
107 M. At higher concentrations the change in dipole
potential (AV) remained approximately constant some 380
mV below the baseline of 410 mV (Fig. 3 A, top trace).
Injection of 2% and 4% PVP, a polymer known to precip-
itate TA (Nash et al., 1966), partially reversed the PGG
decrease in dipole potential. This reversibility suggests that
PVP, by mass action, caused some of the PGG to be
desorbed from the monolayer. As shown in the bottom
trace, spreading DPPC over the buffer subphase at a tem-
perature where DPPC multilayers would be in a gel phase
increased the dipole potential to 550 = 15 mV. The addition
of PGG to the subphase reduced V in a concentration-
dependent manner, but the maximum decrease in V was
about 250 mV. Injection of 4% PVP completely reversed
the PGG-induced decrease in dipole potential, again sug-
gesting that by mass action the adsorbed PGG desorbed
from the monolayer, thus increasing the dipole potential.
Fig. 3, B and C, presents the changes in V produced by the
polyphenols I-V, TA, and methyl gallate on monolayers of



Huh et al.

A

EPC

8 -7 6

DPPC 4 min

AV(mV)

-1

@]

-100

=200

AV(mV)

-300 |

T T T T T T 1
-0 9 8 7 6 -5 4 3 2 -

log [Polyphenol] (M)

FIGURE 3 (A) Dipole potential changes produced by polyphenols. Up-
per trace: Monolayer of EPC spread over a subphase of 0.1 M NaCl, 1 mM
HEPES (pH 7) produced a 410-mV increase in dipole potential. Injections
of PGG in the stirred subphase at indicated concentrations (M) produced
decreases in the dipole potential. When the dipole potential reached steady
state after the 107* M injection, 2% and 4% PVP were injected into the
subphase (arrows). Lower trace: Same experiment as above, except that
the monolayer was DPPC. Scale bar refers to both experiments. (B and C)
Mean changes in dipole potential (AV) of polyphenols injected into the
subphase below monolayers of EPC (B) and DPPC (C). Methyl gallate
(#); compounds I, II, and III ((J); IV (M); PGG (O); and tannic acid (®).
The lines were fit to Langmuir isotherms (see text).

EPC and DPPC, respectively. For these polyphenols the
changes in dipole potential with polyphenol concentration
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(AV) were well fit by a Langmuir isotherm (solid lines):
AV/IAV, .. = 1/{1 + K4/{Conc}}, where K, is the apparent
dissociation constant and AV, ,, is the maximum change in
dipole potential. Plotted in this manner, the changes in AV
are pronounced only in the concentration range encompass-
ing =~ *10 K. For EPC the maximum changes in dipole
potential produced by polyphenols were —347 mV for
compound V (PGG); —245 mV for TA; —136 mV for
compound IV; —70 mV for compounds I, II, and III; and
approximately 0 mV for methyl gallate (Fig. 3 B and Table
1). For TA the changes in dipole potential were similar to
those reported previously for TA that was not recrystallized
(Simon et al., 1994). For DPPC (Fig. 3 C) similar trends for
AV,_.. and K; were found for the different polyphenols,
although they had smaller magnitudes (Table 1). For all of
the tested compounds the values for K, and AV, ,, are given
in Table 1.

Differential scanning calorimetry

Thermograms of DPPC liposomes prepared at various mole
ratios of PGG (left panel) and TA (right panel) are shown in
Fig. 4 A. In excess buffer, DPPC exhibited two well-char-
acterized endothermic transitions. The first is a pretransition
with a peak temperature at 35°C, and the second is the main
transition (7,,) with a peak temperature of 41.1°C. The
enthalpy of main endothermic transition was 8.3 = 0.63
kcal/mol. These values are in agreement with those in the
literature (Cevc and Marsh, 1987). The addition of PGG at
mole ratios as low as 50:1 eliminated the pretransition and
slightly lowered the T, of the main endothermic transition.
At mole ratios of 20:1 the thermograms consisted of two
endothermic transitions. At even higher mole ratios (10:1
and 5:1) the peak widths decreased and T, remained con-
stant at about 38°C. The thermal behavior of TA was similar
to that of PGG in that T,, was lowered and the transition
width was increased (20:1) and then decreased at the higher
concentrations (e.g., 5:1).

Fig. 4 B shows plots of the mean changes in the transition
temperature (7,,,) and enthalpy (AH,,) as a function of the

TABLE 1 Apparent binding constants of polyphenols to EPC
and DPPC monolayers

Lipid Polyphenol K, (uM) AV, (mV)

EPC I 35 70
I 35 70
I 35 70
v 100 136
PGG (V) 0.53 347
TA 1.2 245

DPPC I 85 30
I 85 30
I 85 30
v 124 77
PGG (V) 1.96 269
TA 15.0 148
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FIGURE 4 (A) Thermograms of DPPC liposomes at various mole ratios
of PGG (left traces) and tannic acid (TA) (right traces). Endothermic
transitions are upward. (B) Graphs of transition temperatures (T,,) and
transition enthalpies (AH,,) plotted versus percentage mole ratio of DPPC:
PGG (O) and DPPC:TA (@®). The half-filled circles represent DPPC in
excess buffer. The data represent the mean * SE of at least four trials.

mole ratios of PGG:DPPC (open circles) and TA:DPPC
(filled circles) (N = 3). Below 5 mol% PGG/DPPC the main
endothermic transition decreased linearly. At 5 mol% two
endothermic transitions were observed (Fig. 4 A). At mole
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ratios between 10 and 20 mol% (PGG/DPPC), only one
transition temperature at 37.5°C was present. For TA/DPPC
dispersions (filled circles), T,, decreased linearly by about
2°C from O to 2% mole ratio. At 5 mol% two endothermic
transitions were observed. From 5 to 20% mole ratio, T,
remained nearly constant. For PGG-DPPC dispersions AH,,
remained constant at about 8.4 kcal/mol up to 5% mole
ratio. For mole ratios greater than 10% AH,, increases to 9.5
kcal/mol. For TA, AH,, abruptly increased from 8.4 kcal/
mol at 2 mol% to 9.5 kcal/mol at 5% mole ratio, where it
remained at this enthalpy up to 20% mole ratio.

The thermograms of DPPC with compounds I, II, and III
were, within experimental error, the same in that 7, de-
creased slightly with increasing polyphenol concentration
(to 39.5°C at 20 mol%), and the enthalpies remained un-
changed (data not shown). For compound IV the transition
temperature decreased to about 39.5°C at 20% mole ratio
and the transition enthalpy remained constant up to 15%
mole ratio, whence it increased about 1 kcal/mol at 20%
mole ratio (data not shown).

Microelectrophoresis

To determine whether the binding of TA or PGG imparted
fixed charges to the EPC bilayer, we measured the electro-
phoretic mobility () of EPC vesicles in 0.1 M NaCl, 1 mM
HEPES (pH 7.0) at different TA and PGG concentrations.
Uncharged lipid vesicles do not respond to a DC electric
field and hence have a negligible value of u (Tatulain,
1983). As described in Materials and Methods, the zeta
potential can be calculated from the electrophoretic mobility
using { = 12.85 w. For EPC in the standard buffer, { was
essentially 0 mV, as was found by others (Tatulain, 1983).
Two problems arose in measuring the electrophroetic mo-
bility of EPC liposomes with PGG and TA. The first is that
the particles aggregated and they constantly had to be vor-
texed to break up the dispersion. The second is that vesicle
population did not have a uniform size or a homogeneous
mobility. For liposomes on the order of 20 um, { was
16.3 = 2.1 mV (0.01 mM PGG) and —15 .8 = 1.8 mV (0.1
mM PGG). For TA we confirmed our previous measure-
ments using TA that was not recrystallized (Simon et al.,
1994) and found that from 1 w M to 1 mM, ¢ remained
constant at about —19 mV (although, as before, this prep-
aration was also heterogeneous). We also performed a ti-
tration curve of 1 mM TA in 0.1 M NaCl (not shown). The
titration curve is S-shaped, having two regions where the
slope of the pH versus moles base/moles TA were approx-
imately constant. The constant slope regions were between
2.8 = pH = 3.8, and 6.8 = pH < 8.5. The latter undoubt-
edly represents the titration of the phenolic groups (Gustav-
son, 1956). Thus at pH 7, at which all of our experiments
were performed, TA is negatively charged. The electro-
phoresis and titration studies show that these two polyphe-
nols impart a negative charge to PC liposomes, and by
electrostatic repulsion, should cause them to increase their
fluid spacing.
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X-ray diffraction

As observed previously (MclIntosh and Simon, 1986b), the
x-ray diffraction patterns of EPC suspensions consisted of
several low-angle reflections that indexed as orders of a
single lamellae repeat period of 63 A and a broad wide-
angle pattern centered about 4.5 A, and patterns of DPPC
suspensions consisted of several low-angle reflections that
indexed as orders of a single lamellae repeat period of 64 A
and wide-angle patterns that contained a sharp reflection at
421 A and a broad reflection centered at 4.08 A. The
patterns from EPC are typical of bilayers in the liquid-
crystalline (La) phase, and the patterns from DPPC are
typical of bilayers in the gel (LB') phase, where the hydro-
carbon chains are tilted with respect to the plane of the
bilayer (Tardieu et al., 1973).

For EPC bilayers the addition of compounds I-III, even at
quite high concentrations, did not markedly alter the lamel-
lar repeat period. For liposomes formed from a 5:1 mole
ratio of EPC to compounds I, II, or III, the lamellar repeat
was 62 + 1 A. At a mole ratio of 2:1 EPC:compound III,
the repeat period decreased to 60 A. The repeat periods of
LUV in 1072 M solutions of compounds I, II, or III were
61-62 A.

Compound IV produced somewhat larger changes in the
spacings of EPC LUVs; in 107> M, 5 X 1073 M, and 2 X
1072 M solutions of compound IV the lamellar repeat
periods were 65 A, 58 A, and 57 A, respectively. Freeze-
thawed MLVs in 10~ M compound IV produced a single
repeat at 61 A, but in 1072 M compound IV produced two
repeat periods, at 63 A and 56 A, with the reflections more
intense in the 63-A repeat (data not shown).

The lamellar repeat period decreased significantly at high
concentrations of compound V (PGG). Fig. 5 shows the
repeat period of EPC suspensions plotted against the loga-
rithm of the concentration of PGG (open circles) and TA
(filled circles). For PGG concentrations up to 10™* M the
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FIGURE 5 Repeat period for liposomes of EPC plotted versus concen-
tration of PGG (O) and TA (@). Data for TA taken from Simon et al.
(1994).
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repeat period remained nearly constant at 63 A. However, at
a critical concentration of about 5 X 107> M there was a
sharp decrease in repeat period of over 10 A. Experiments
performed using dispersions in which PGG was added to
LUVs showed single repeat periods, either 63 *+ 1 Ata
concentration of 2.5 X 107% M) or 51 * 2 A for higher
concentrations. However, in one experiment in which the
multilamellar liposomes containing 10~> M PGG were pro-
duced by the freeze-thaw method, the patterns indicated the
existence of two phases (Fig. 5): one with weak reflections
indexing on a lamellar repeat period of 63 A and the other
with more intense reflections indexing as orders of a repeat
period of 50 A. As shown previously (Simon et al., 1994),
TA exhibited a similar behavior (Fig. 5).

X-ray patterns of unoriented 10:1 EPC:PGG dispersions
in excess water gave a repeat period of 59 A. Oriented
samples of 10:1 EPC:PGG gave repeat periods that de-
creased monotonically from 49 A at 98% relative humidity
(compared to 52 A in the absence of PGG) to 47 A at 32%
relative humidity (compared to 50 A in the absence of
PGG). Thus, in excess water, and for all relative humidities,
the repeat periods of 10:1 EPC:PGG were 3—4 A smaller
than the repeat periods of EPC recorded under the same
conditions (McIntosh et al., 1987).

Electron density profiles were calculated to determine the
changes in the widths of the bilayer and the interbilayer
fluid spacings caused by the incorporation of the polyphe-
nols, especially PGG, which had the greatest effect on the
lamellar repeat period. The structure amplitudes for EPC
bilayers in the presence of PGG were similar to those for
EPC (Fig. 6), indicating that the phase combination previ-
ously obtained for EPC (McIntosh and Simon, 1986b) also
applied to EPC bilayers containing PGG. Electron density
profiles of fully hydrated EPC bilayers in water and in 1073
M PGG are presented in Fig. 7. For each profile two unit
cells are shown containing two apposing bilayers and the
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FIGURE 6 Structure amplitudes for bilayers of EPC, 10:1 EPC:PGG,
and EPC in excess 10-3 M PGG. The structure amplitudes for EPC, taken
from Mclntosh and Simon (1986b), represent a range of repeat periods
obtained with a series of applied osmotic pressures. The structure ampli-
tudes for 10:1 EPC:PGG were obtained for samples in excess water and at
different relative humidity atmospheres.
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FIGURE 7 Electron density profiles of EPC (upper trace) and EPC:PGG
bilayers in excess buffer and 10~ M PGG.

intervening fluid space. For each profile the bilayer on the
left is centered at the origin, so that the low-density trough
at 0 A corresponds to the terminal methyl groups in the
bilayer center. For EPC in water the high-density peaks
centered near +20 A correspond to the EPC headgroups, the
medium-density regions between the headgroup peaks and
the terminal methyl trough correspond to the methylene
chains, and the medium-density region centered about 32 A
corresponds to the middle of the fluid layer between adja-
cent bilayers. These profiles show that PGG altered three
structural features. First, the distance between the head-
group peaks across the bilayer decreased by about 3 A,
indicating that the bilayers became thinner in the presence
of PGG. Second, the terminal methyl trough disappeared as
the electron density in the bilayer center became more
uniform. Third, the width of the fluid space between appos-
ing bilayers decreased by about 10 A in the presence of
PGG.

Profiles such as those shown in Fig. 7 can be used to
estimate the distance between apposing bilayers at each
polyphenol concentration. As noted previously (McIntosh et
al., 1987, 1989a; Mclntosh and Simon, 1986b), the defini-
tion of the lipid/water interface is somewhat arbitrary, be-
cause the bilayer surface is not smooth and water penetrates
into the headgroup region of the bilayer. We operationally
define the bilayer width as the total physical thickness of the
bilayer, assuming that the conformation of the phosphoryl-
choline headgroup in these bilayers is the same as it is in
single crystals of phosphatidylcholine. In that case the high-
density headgroup peak would be located between the phos-
phate group and the glycerol backbone (Lesslauer et al.,
1972). We assume that the phosphorylcholine group is, on
average, oriented approximately parallel to the bilayer
plane, so that the edge of the bilayer lies about 5 A outward
from the center of the high-density peaks in the electron
density profiles (Mclntosh et al., 1987; McIntosh and Si-
mon, 1986b). Therefore, for each polyphenol concentration
we calculate the bilayer thickness as the distance between
headgroup peaks across the bilayer in the profiles plus 10 A
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The distance between bilayer surfaces (dy) is calculated as
the difference between the lamellar repeat period and this
bilayer thickness.

Using these definitions, we found for oriented 10:1 EPC:
PGG bilayers in relative humidity atmospheres that the
bilayer thickness was 3-4 A smaller than for EPC at the
same humidity. Thus, for bilayers in controlled humidity
atmospheres, where the fluid space between bilayers was
very small (1 to 4 A; Mclntosh et al., 1987), the observed
decrease in repeat period caused by the addition of PGG
was due almost entirely to a decrease in bilayer thickness.
However, for dispersions in excess buffer, the presence of
PGG reduced the width of both the bilayer and the interbi-
layer fluid space. For EPC in suspensions containing PGG
concentrations of 107> M or more, the average bilayer
thickness was 45.0 = 1.7 A (mean =* standard deviation,
N = 7 experiments), compared to 47.8 = 0.8 A (N = 10) for
EPC in water (McIntosh and Simon, 1986b). The change in
fluid layer thickness caused by PGG in suspensions of EPC
is shown in Fig. 8. The fluid spacing remained approxi-
mately constant until a critical concentration was attained,
and then it abruptly decreased by about 10 A. At higher
PGG concentrations the fluid spacing remained approxi-
mately constant at about 5 A. Because of limited resolution,
we were unable to construct electron density profiles at
10™* M PGG. However, because the repeat period of 63 A
was the same as for EPC in excess buffer, we assumed that
d; remained unchanged. With this assumption we also found
a sharp decrease in fluid spacing at a critical concentration
of TA (Fig. 8).

For EPC bilayers formed with compound IV we obtained
only one pattern with high enough resolution (h = 3) to
construct electron density profiles and thereby calculate the
fluid space. This pattern (d = 61 A) was obtained for a
freeze-thawed sample containing 107> M compound IV.
Under these conditions the bilayer thickness decreased by
about 1.5 A and the fluid space decreased by about 1 A.

In the gel phase of DPPC, the addition of compounds I, II,
or IIT increased the lamellar repeat period by about 7 A
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FIGURE 8 Fluid spacing between EPC bilayers plotted against the PGG
(O) and tannic acid (@) concentrations. (TA data from Simon et al., 1994).
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That is, suspensions of 5:1 mole ratios of DPPC to com-
pound I, II, or III gave a lamellar repeat period of 71 * 1 A,
and a single sharp wide-angle reflection at 4.12 A. Both the
lamellar repeat periods and wide-angle spacing are typical
of gel-phase DPPC bilayers with untilted hydrocarbon
chains (Tardieu et al., 1973; MclIntosh, 1980). The increase
in repeat period from 64 A for DPPC to 71 A for DPPC with
compounds I, II, or III can be explained completely by the
increase in bilayer thickness caused by a loss of chain tilt
(Mclntosh, 1980; Tardieu et al., 1973). Therefore, the ad-
dition of these high concentrations of compounds I, II, or III
had no appreciable effect on the width of the interbilayer
fluid spacing.

Suspensions of 10:1 DPPC:compound V (PGG) gave a
very different x-ray pattern, with a 46 A lamellar repeat
period and a single, sharp 4.09-A wide-angle reflection. The
structure factors for 10:1 DPPC:PGG bilayers (data not
shown) fell on the continuous transform previously ob-
served for DPPC in the interdigitated phase (Mclntosh et al.,
1983). Electron density profiles of DPPC and 10:1 DPPC:
PGG bilayers are shown in Fig. 9. One unit cell containing
a single bilayer is shown in each profile, with the center of
each bilayer at 0 A. There are pronounced differences
between these profiles. First, the headgroup peaks for DPPC
are located at =21 A, and the headgroup peaks for DPPC:
PGG are located at *15 A, indicating that the bilayer
thickness is decreased by about 12 A by the addition of
PGG. Second, although there is a prominent terminal
methyl trough in the center of the DPPC bilayer, there is no
trough in the center of the DPPC:PGG bilayer, indicating
that the terminal methyl groups are not localized in the
center of the bilayer containing PGG. The electron density
profile and the wide-angle reflection show that the 10:1
DPPC:PGG bilayer is in an interdigitated phase, where the
hydrocarbon chains from apposing monolayers interpene-
trate (McIntosh et al., 1983; Ranck et al., 1977; Simon and
Mclntosh, 1984). Third, and most importantly for our sub-
sequent analysis, using the definition of bilayer thickness
given above we find that PGG reduced the fluid space of

DPPC

10:1 DPPC:PGG

Electron Density
(Arbitrary Units)

-40 -20 0 20 40 60 80 100 120
Distance from Bilayer Center (A)

FIGURE 9 Electron density profiles of fully hydrated DPPC and 10:1
DPPC:PGG bilayers.
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DPPC from 12 A in excess buffer (in the LB’ phase) to
about 6 A. Thus PGG collapsed the fluid space in both gel
and liquid crystalline bilayers.

DISCUSSION

The data presented in this paper provide information on the
interaction of several newly synthesized polyphenolic analogs
of tannic acid with liquid crystalline EPC and gel-phase DPPC
bilayers. Of the analogs tested, only PGG behaved like tannic
acid in increasing the absorbance (Fig. 2), decreasing the
dipole potential (Fig. 3), increasing the transition enthalpy (Fig.
4), and markedly decreasing the fluid spacing between adja-
cent bilayers (Fig. 8). We now discuss these results and present
arguments as to why only PGG, of the polyphenols tested,
mimicked the behavior of tannic acid.

Absorbance

The large increases in absorbance of EPC LUVs induced by
micromolar concentrations of PGG and TA (Fig. 2) are
likely the consequence of vesicle-vesicle aggregation and/or
vesicle rupture to form multilamellar vesicles at the higher
concentrations (Schrijvers et al., 1989; Simon et al., 1994).
The formation of vesicle aggregates and/or liposomes re-
sults in larger particles that scatter more light (Day et al.,
1980). When the dispersions produced by the addition of
PGG to EPC LUVs were analyzed by x-ray diffraction, they
showed sharp reflections indicative of the presence of mul-
tiwalled liposomes, thus providing good evidence that upon
the asymmetrical addition of large concentrations of PGG
the LUVs ruptured and aggregated to form MLVs. The
increase in absorbance could not be caused by the addition
of any polyhydroxylated osmolite, because neither 1072 M
glucose nor 1072 M methyl gallate (in 0.1 M NaCl) pro-
duced significant absorbance changes (Fig. 2). Micropipette
experiments (Needham et al., 1990) have shown that EPC
unilamellar vesicles will rupture when the area of one
monolayer of the bilayer increases by 3-4% without a
corresponding area increase in the apposing monolayer. In
our experiments, preformed LUVs could break with the
addition of polyphenols if their diffusion across the bilayer
was sufficiently slow as to be unable to compensate for the
area increase of the outside monolayer. Previously, we
found this to be the mechanism by which TA ruptures giant
unilamellar vesicles (Simon et al., 1994). It is important to
note that the changes in absorbance produced by the poly-
phenols were seen at a lower concentration than the changes
in repeat period recorded on dispersions prepared in the
same manner. That is, at 10~* M PGG, where absorbance
was a maximum (Fig. 2), the repeat period did not change
from its control value of 63 A. This suggests that at 10™* M
PGG, the absorbance increase was a consequence of the
breaking of LUVs to form MLVs (or at least larger parti-
cles) rather than any specialized adhesive interaction of the
polyphenols that would lead to a collapse of the interlamel-
lar fluid space.
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Compound IV produced large increases in absorbance,
but about 100 times larger concentrations were required
than that for PGG or TA (Fig. 2). The x-ray measurements
indicate that this absorbance increase was also a conse-
quence of the breakage of LUVs to form MLVs. Com-
pounds I-III also produced changes in absorbance, but
because they aggregated in solution at higher concentra-
tions, light scattering measurements will be needed to in-
terpret these data.

Differential scanning calorimetry

When solutes form dilute solutions in the gel and liquid
crystalline phases, the changes in transition temperature can
be written (Kaminoh et al., 1988) as

dT?/d{PP}, = (K® — K")AC + D(K"* + K®)}, (2)

where TEP is the transition temperature for a given poly-
phenol concentration, {PP}, is the total polyphenol concen-
tration in the dispersion, the K’s are the membrane-water
partition coefficients in the gel (g) and liquid crystalline (Ic)
phases, and C and D are constants. At low mole ratios both
PGG and TA decreased T,,,. From Eq. 2 this decrease arises
because of a greater partitioning of the polyphenols into the
liquid-crystalline than into the LB or LB’ gel phases. This
conclusion is also consistent with the apparent binding
constants obtained from dipole potential measurements in
EPC and DPPC monolayers (Table 1). The data in Fig. 5 B
show that, as a function of increasing polyphenol concen-
tration, T, decreased more abruptly with TA than with
PGG, suggesting that TA has a slightly higher partition
coefficient in the liquid crystalline phase than PGG. At high
mole ratios T,, is independent of the concentration of PGG
or TA, which indicates (see Eq. 2) that the partition coef-
ficients are approximately the same in both gel and liquid
crystalline phases. At high mole ratios the x-ray data show
that both polyphenols induce interdigitated (LBI) gel phases
in DPPC (Fig. 8 and Simon et al., 1994). To rationalize why
the partition coefficients are similar in the La and LBI
phases in spite of the fact that the interdigitated phase is a
gel phase (and hence K would be expected to be smaller),
we note that the area per molecule is approximately the
same in these two phases (70-76 AZ; see below). Therefore
because the polyphenols partition primarily in the head-
group region, the interactions with the bilayer are likely to
be similar. Note also that interdigitated phases cannot occur
in monolayers, so the binding constants measured in solid
DPPC monolayers (Table 1) may be different than for
interdigitated bilayers.

Utilizing the fact that PGG and TA form interdigitated
phases, we interpret the phase diagrams (Fig. 4 B) at low
mole fractions (<5% for TA and <10% for PGG) to rep-
resent phase transitions from the LB’ or LB to the La phase,
and at high mole fractions (>15 mol%), to represent phase
transitions from interdigitated (LBI) phases to the La phase.
At the high mole fractions the decrease in width of the phase
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transition, together with the larger AH,, is also indicative of
the LBI to La phase transition (Mclntosh et al., 1984;
Swarmy and Marsh, 1995). The reason for the decrease in
transition width and higher AH,, is that, as evidenced by the
wide-angle diffraction, the hydrocarbon chains in the inter-
digitated phase are more closely packed than in the LB’ gel
phase (Simon and Mclntosh, 1984). Therefore in the inter-
digitated phase there is a larger van der Waals interaction
between hydrocarbon chains that gives rise to a larger
transition enthalpy and a more cooperative phase transition
(Mclntosh et al., 1984). Compound IV also showed an
abrupt increase in AH,, at 20% mol ratio, suggesting that it
may form an interdigitated phase, although this was not
tested by x-ray diffraction because of our limited supply of
this compound.

The thermograms obtained with PGG or TA differed
from those obtained for other compounds capable of H
bonding with DPPC. For example, ethanol produces a bi-
phasic effect on T,,, with small concentrations of ethanol
decreasing T,, and large concentrations increasing T,, when
the interdigitated phase is formed (Simon and Mclntosh,
1984)). Glycine, proline, and betane all increase T,,, and do
not markedly change AH,, (Rudolph and Goins, 1991).
Finally, 1 M sucrose produces very small changes in T;,, and
AH,, (Chowdhy et al., 1984), whereas complete replace-
ment of water with glycerol induces an interdigitated phase
but does not markedly change 7,, (McDaniel et al., 1983;
Swarmy and Marsh, 1995)

The DPPC thermograms show that, over the entire con-
centration range tested, compounds I, II, and III slightly
reduced T,, without appreciably changing AH,,. Based on
Eq. 2, this behavior suggests that these compounds have
larger partition coefficients in the liquid crystalline than in
the gel phase. The x-ray data indicate that the major struc-
tural change produced by these compounds was to remove
the tilt of the acyl chains, thus inducing a LS gel phase.
Apparently they do not accumulate to a significant volume
fraction in the interface to induce an interdigitated phase.

A final point regarding these data is that at the highest
concentrations of PGG and TA, where the fluid spacing is
about 5A, the transition temperature differs by only a few
°C from the transition temperature in excess water. This
suggests that the bilayers behave as if they were fully
hydrated, because dehydrating them markedly increases T,
by virtue of a decrease in molecular area and a increase in
van der Waals interactions between the acyl chains (Cevc
and Marsh, 1987). Despite the decrease in fluid spacing, this
dehydrated state is prevented because when PGG partitions
into the interface it increases the molecular area (see below),
and because the hydroxyl groups on each gallic acid can
substitute for the interfacial H-bonded waters.

Association of polyphenols with monolayers
and bilayers

For uncharged PC monolayers, it has been shown experi-
mentally as well as by molecular dynamics simulations that
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the dipole potential (V) arises from the dipole in the PC
headgroup and compensating water dipoles (Simon and
Mclntosh, 1989; Zhang and Vanderkooi, 1992; Brockman,
1994). In other words, the dipole potential represents the
difference between two very large potentials—one pro-
duced by the polarized water molecules and the other by the
lipid dipoles (Marrink et al., 1993). Which of these two
factors is more important in rationalizing the reduction of
the dipole potential caused by polyphenols cannot be ob-
tained by these experiments.

All of the polyphenols tested produced larger reductions
in the dipole potential (AV) for liquid-expanded EPC mono-
layers than for solid DPPC monolayers. For PGG this dif-
ference was approximately 100 mV (380 mV to 280 mV)
and cannot be attributed simply to a greater surface density
of polar headgroups, bnecause at 20°C the molecular area of
EPC is greater than for DPPC. The differences likely arise
from different interfacial locations of the polyphenols in
these monolayers, because it would take more work for
them to intercalate into the solid DPPC chain than fluid EPC
chains, which are reflected in the different binding constants
of the polyphenols in these two phases (Table 1). This
interpretation is also consistent with the calorimetry exper-
iments, which indicate that K'* > K®. The polyphenols are
not the only chaotropic compounds (water structure break-
ers) that bind better to the liquid crystalline than to the gel
phase of PC. For example, the chaotropic anion tetraphe-
nylboron also binds better to the liquid crystalline than to
the gel-phase bilayers (Smejek and Wang, 1990).

For monolayers of EPC and DPPC, the values of K; and
AV, produced by methyl gallate and compounds I-IV
were much less than those for PGG and TA (Table 1). This
can be partially rationalized by the greater number of poly-
phenol residues per molecule (which is 10 for TA, 5 for
PGG, 2 for Compounds I-IV, and 1 for methylgallate) that
can be associated with the monolayer. The relatively small
differences between compounds IV and compounds I, II,
and III may reside in the fact that they all have two poly-
phenolic moieties. The data in Fig. 3, B and C, and Table 1
indicate that polyphenols decreased the dipole potential to
various extents, depending on their concentration and chem-
ical structure. In this sense they behave like biologically
active polyhydroxlated compounds such as phloretin and its
analogs (Reyes et al., 1983).

Structural changes and localization of
polyphenols in PC bilayers

For EPC bilayers, the x-ray measurements show that PGG
decreased the bilayer thickness by about 3 A. A similar
result was previously found for TA (Simon et al., 1994). We
argue that the decrease in thickness occurs because PGG (as
well as many other surface active molecules) partitions into
the interfacial region and wedges apart the lipid molecules
to accommodate one or more of its gallic acids. To keep the
density in the bilayer approximately constant, the acyl
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chains accommodate by decreasing the mean bilayer thick-
ness (Simon et al., 1994). The increase in area is reflected in
the electron density profile as a delocalization of the termi-
nal methyl groups (Fig. 7). A broadened terminal methyl
trough has also been observed for other lipids with large
areas per molecule, such as the polyunsaturated lipid
DAPC, which has a molecular area of 76 A2 (Mclntosh et
al., 1995). From the observed thickness changes in the
electron density profiles, the area per molecule for EPC
bilayers in the presence of PGG can be estimated by the
following calculation. If PGG partitioned only into the
interfacial region of EPC, and if the volume change is much
less than the area change, then AA/A, = —1/(1 + L /AL),
where A, (64 A?) and L, (28 A) are the area/molecule and
hydrocarbon thickness in the absence of PGG, respectively
(MclIntosh and Simon, 1986b; Mclntosh et al., 1987). For
EPC-PGG bilayers, AA = 6.2 Az, which corresponds to a
molecular area of 70.2 A2,

For gel-phase DPPC bilayers, the polyphenols reduced or
eliminated chain tilt (compounds I-IIT) or caused the acyl
chains to fully interdigitate (PGG and TA). Decreasing the
chain tilt is a consequence of compounds I-III partitioning
into the interfacial regions and consequently increasing the
area per molecule, and thereby reducing the “in-plane”
steric interactions between the relatively bulky PC head-
groups that give rise to acyl chain tilt (McIntosh, 1980). The
simplest way of reducing the in-plane steric interactions is
for the headgroup to rotate out of the plane of the bilayer. To
induce acyl chain interdigitation amphipathic molecules
must take up a greater volume fraction of the interfacial
region. In 10:1 DPPC:PGG bilayers, where an interdigitated
phase is formed, an appreciable volume fraction of the
interfacial region must be occupied by the gallic acids of
PGG because 1) not much of the volume of PGG (“diam-
eter” ~ 16 A; see Fig. 9) can be accommodated in the
narrow (5-6 A) fluid space between bilayers, and 2) the size
of PGG (molecular weight 940) is large compared to that of
the PC headgroup (molecular weight 300).

It has previously been shown that other H-bonding am-
phipathic compounds, such as ethanol, benzyl alcohol, glyc-
erol, and heptanetriol, can partition into the interfacial re-
gion and increase the molecular area in the liquid-crystalline
phase and induce hydrocarbon chain interdigitation in the
gel phase (McIntosh et al., 1983; Simon and Mclntosh,
1984; Simon et al., 1988). However, none of these other
amphipathic compounds reduce the interbilayer fluid sepa-
ration as observed in the case of PGG in both the liquid-
crystalline phase (Fig. 7) and the gel phase (Fig. 8). PGG
reduced the fluid space between adjacent EPC bilayers to
about 5 A (Fig. 7), a distance corresponding to the width of
two water molecules, and where steric interactions are ob-
served, between EPC headgroups from apposing bilayers
(MclIntosh et al., 1987). To illustrate further how small a
5-A fluid spacing is, we note that the equilibrium fluid
spacing for subgel phase DPPC bilayers is approximately 3
A larger (8.3 A) than for PGG-EPC. In the subgel phase,
where the lipid hydrocarbon chains are crystallized, the
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entropic undulation and protrusion forces are thought to be
very small (McIntosh and Simon, 1993). Therefore, PGG
decreases the fluid space to a greater extent than occurs by
eliminating virtually all out-of-plane steric repulsive pres-
sures (Mclntosh and Simon, 1993). We now consider the
question of mechanism.

Effect of polyphenols on attractive and repulsive
interactions between bilayers

Because PGG reduces the fluid spaces between adjacent
bilayers, it must either increase the attractive pressure(s) or
decrease the repulsive pressures between bilayers. The in-
terbilayer pressures between electrically neutral PC bilayers
include the attractive van der Waals pressures and repulsive
steric and hydration pressures (Rand and Parsegian, 1989;
Mclntosh and Simon, 1993, 1994a). The important point is
that only two equilibrium fluid spacings were observed for
the PGG-EPC bilayers (Fig. 7). The two equilibrium fluid
spaces can be represented in a potential energy diagram by
two distinct minima representing the different adhesion
energies in these states (Lipowski, 1994). The smaller one,
atd; ~ 15 A, is found at zero and low PGG concentrations
and has an adhesion energy of —0.013 erg/cm? (Evans,
1994). This energy is determined by a balance between the
attractive van der Waals pressure and the repulsive hydra-
tion and steric pressures (Evans and Parsegian, 1986; McIn-
tosh and Simon, 1993, 1994a). The energy minimum at 5 A
represents a larger (because the surfaces are closer), but
unknown, adhesion energy. Previous analysis has shown
that for EPC bilayers, the work needed to decrease d; from
15 A to 5 A is about 0.5 erg/cm2 (McIntosh and Simon,
1986). These two energy minima must be separated by an
energy barrier that arises from the work: energy required to
overcome the repulsive undulation and hydration pressures
(0.5 erg/cm?®), an electrostatic repulsive pressure arising
from the adsorption of negatively charged PGG to the
bilayers, and any steric pressures arising from the interca-
lated PGG molecules. Thus once a critical concentration of
PGG is bound, the free energy gain is sufficiently large to
overcome the barrier, so that the bilayers fall into a very
deep and narrow potential well at a fluid spacing of 5 A.
We now consider the possibility that PGG alters one or
more of the attractive and repulsive pressures in a manner
consistent with it decreasing the fluid spacing over a narrow
concentration range (Fig. 8). The possibility that the poly-
phenols and the lipids compete for the same limited supply
of water, thus making less water of hydration available, is
eliminated because absorbance and x-ray measurements
were performed on dispersions in excess water. Therefore
the reduction in the fluid spacing results from the direct
interaction of the polyphenols with the bilayers. The possi-
bility that PGG causes the fluid space to decrease by de-
creasing the undulation pressure is unlikely for two reasons.
First, in liquid-crystalline EPC bilayers PGG decreased the
bilayer thickness (Fig. 8), which should decrease the bend-
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ing modulus and increase the undulation pressure (Simon et
al,, 1995). Second, in interdigitated gel phase bilayers,
where the undulation pressure should be small (Evans,
1991; Mclntosh and Simon, 1993, 1994a), PGG also col-
lapsed the fluid spacing (Fig. 8). The possibility that PGG
increases the van der Waals pressure must be considered
because PGG partitions into the headgroup, and headgroup-
headgroup interactions (as apposed to the van der Waals
interactions between the acyl chains) are the primary attrac-
tive interaction responsible for the small fluid spacing and
large adhesion energy between lipids such as digalactosyl-
diacylglycerol (Attard et al., 1988; Evans and Needham,
1988). However, if PGG were only increasing the van der
Waals pressure, then the repeat period should decrease
continuously as a function of the volume fraction of PGG,
rather than with the abrupt decrease that is experimentally
observed (Fig. 8).

We next consider how the polyphenols could affect the
repulsive hydration pressure (P,). This pressure has been
shown to decay exponentially as P, = P, exp(—d;/A),
where P, is its magnitude and A is its decay length (LeN-
eveu et al., 1977; McIntosh et al., 1989a; McIntosh and
Simon, 1986b; Parsegian et al., 1979). Several studies have
correlated P, with V2, where V is the dipole potential
(Mclntosh et al., 1989b; Simon and MclIntosh, 1989; Simon
et al., 1992). Because PGG markedly reduces the dipole
potential (Fig. 3), it would be expected to decrease the
hydration pressure. However, the argument against using
the decrease in dipole potential as the primary cause for
decrease in d; is that the dipole potential decreases mono-
tonically from 10~% M to 10> M PGG (Fig. 3 B), whereas
the fluid space decreases abruptly at a concentration of
about 107> M PGG (Fig. 8).

Therefore, because neither an increased van der Waals
nor decreased repulsive hydration/steric pressures can com-
pletely explain the observed sharp decrease in fluid spacing
caused by PGG (Fig. 8), we postulate the existence of an
additional attractive pressure. Previously we had argued that
TA simultaneously binds to apposing bilayers, forming a
molecular bridge between bilayers (Simon et al., 1994). Our
data from compounds I-V provide the following support for
this interpretation and indicate that compound V (PGG) also
forms bridges between bilayers. First, the dipole potential,
binding, and x-ray data indicate that PGG binds in the
interfacial regions of the bilayers, changing the bilayer
structure. Second, upon the addition of increasing concen-
trations of PGG only two equilibrium fluid spaces are
observed, d; =~ 15 A for PGG concentrations of <1073 M
andd; =5 A for PGG concentrations of >10"3 M (Fig. 8).
This is consistent with a bridging mechanism, because
membranes convert to the more stable state only when a
sufficient number of bridges are formed to overcome the
hydration, electrostatic, and steric pressures. Third, our ex-
periments with compounds I-V indicate that to collapse the
fluid space a molecule must contain between three and five
gallic acids. A critical point in this argument for molecular
bridging is that when the fluid spacing was decreased to 5
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A, the mole ratio of EPC:PGG was about 5:1. Because each
PGG molecule contains five gallic acids (Fig. 1), this means
that under conditions in which the fluid space was col-
lapsed, each PC headgroup could potentially be in contact
with a gallic acid residue. Thus the collapse of the fluid
space occurs only when the entire surface is covered with
polyphenols. Another factor that might be critical to the
proposed bridging mechanism is the arrangement of gallic
acids in PGG. Molecular models show that anhydrous PGG
has a “globular” shape, with its five gallic acids projecting
in different directions from the central p-glucose (Fig. 10).
The molecular size of PGG (“diameter” ~ 16 A; see Fig.
10) and this distribution of gallic acids mean the PGG can
span the interbilayer space and have gallic acids in contact
with PC molecules from apposing bilayers. That is, because
the width of each headgroup region of the bilayer is about
10 A and the interbilayer space is about 5 A for EPC-PGG
(Fig. 8), it follows that gallic acid residues on opposite sides
of PGG could simultaneously penetrate deep into the inter-
facial regions of apposing bilayers if the PGG spanned the
interbilayer space. Even though compounds I, II, and III
interact with PC and are sufficiently long to form bridges,
because of their relatively low affinity (Table 1) and limited
solubility, the surface concentrations of these polyphenols
must remain below what is necessary to form a sufficient
number of bridges. Compound IV, which has two gallic
acids, also does not collapse the fluid spacing, most likely
because the gallic acids in the 2 and 3 positions are on the
same side of the glucose (Fig. 1) and thus one molecule
cannot form bridges between membranes.

Tannic acid also caused the interbilayer fluid space to
collapse to about 5 A (Fig. 8). One similarity between PGG
and TA is that they both have gallic acid or digallic residues

FIGURE 10 Figure of PGG constructed using Sybil program. The length
of a gallic acid residue from its glucose linkage to its most distal OH group
is about 6.5 A, and the length of the central glucose molecule is about 3 A.
Therefore the length of PGG (in any of the five directions) is about 16 A
(=65A+65A+3A4).
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extending in different directions from a central core. Our
data suggest that PGG and TA collapse the fluid space at a
concentration when each PC headgroup is in contact with
one gallic or digallic acid. The similarity in the results
shown in Fig. 8 indicate that the additional five gallic acids
present on TA are not necessary to collapse the fluid spac-
ing. However, because TA is a larger molecule than PGG,
the observed similarity in fluid spacing implies that TA has
to penetrate further into the bilayer interfacial region. In this
regard, quadrupole splitting measurements revealed that TA
perturbs the order of the first few methylene groups in the
bilayer (Simon et al., 1994).

At concentrations greater than 2.5 X 10™* M, PGG binds
to the membrane and increases the adhesion energy. Con-
sequently, the total free energy of this interaction must be
negative. Because at d; = 5A PGG must be conformation-
ally restricted and hence have a reduced entropy of transfer,
it follows that favorable enthalpic interactions between
PGG and PC must occur. Indeed, with TA, the heat of
binding to EPC was —8.3 kcal/mol (Simon et al., 1994).
Such enthalpies should involve two types of attractive elec-
trostatic interactions: an ion-dipole interaction between the
electron rich 7 systems of the polyphenols and the
-N*(CH,); group on the lipids (Petti et al., 1988), and
ion-ion interactions between the negatively charged poly-
phenol and the positively charged -N*(CH;), moiety. In the
latter case, to preserve electroneutrality, the Na* counterion
would have to be associated with the phosphate moiety of
PC. As long as the surface is not completely covered, the
energy barrier arising from the repulsive hydration, undu-
lation, and electrostatic pressures would be sufficiently
large to keep the surfaces separated. In addition, the poly-
phenols in the fluid space may provide a steric barrier that
prevents the surfaces from coming any closer. However,
when all of the PC headgroups are associated with gallic
acids the fluid space abruptly collapses (Fig. 8). The free
energy driving this collapse is then enhanced by the attrac-
tive van der Waals interactions.

The involvement of the -N*(CH,); groups of the PC
molecules in the stabilization of the TA-PC complex is
supported by the pioneering work of Kalina and Pease
(1977), who noted that aqueous dispersions TA form a
stable “complex” with DPPC. Kalina and Pease also re-
ported (no data shown) that PGG and hexagalloylglucose
are about as effective as TA in producing dispersions that
are reactive to OsO,. They did not, however, propose ex-
planations based on physical principles of why these com-
pounds reduced the periodic spacing in DPPC multilayers.

In summary, we have shown that selected polyphenols
can induce PC bilayers to undergo a discontinuous transi-
tion in the fluid space. Although such discontinuous transi-
tions have been observed with negatively charged lipids
produced upon the addition of Ca>* (Day et al., 1980; Cevc
and Marsh, 1987; Rand and Parsegian, 1989), we believe
that these polyphenols are the only small molecules known
to collapse the fluid space upon binding to neutral bilayers.
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