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Abstract

The tri-headed anionic dendritic amphiphile, 4-(2-carboxyethyl)-4-
[(icosyloxycarbonyl)amino]heptanedioic acid (3CCb20), forms solid-like gel-state mixed
micelles  with  dipalmitoylphosphatidylcholine ~ (DPPC) in excess water at
3CCb20 : DPPC =0.91: 1 molar ratio. On heating, these micelles transform into fluid
bilayers stacked in the liquid crystalline lamellar L, phase at about 40 °C. This phase
transition and the microstructure of 3CCb20 + DPPC aggregates were studied using small-
and wide-angle synchrotron X-ray diffraction. The ability of 3CCb20 to solubilize solid-like
lipid bilayers could be important in microbiocidal activities of 3CCb20, including in its anti-

HIV activity.
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1. Introduction

Saturated fatty acids have a long history as microbicides against many pathogens [1-
5]. Measurements of inhibitory activities can be problematic because of the very low solubil-
ity of saturated fatty acids in aqueous solutions [6]. Furthermore, as the chain length increases
to C;s and beyond, the aqueous solubility becomes immeasurable. Knowing that the
compounds completely dissolve in aqueous media enables speculation about how chain length
affects microbiological activity. In a homologous series of compounds, antimicrobial activity
can show a cut-off effect [7]. Without knowing that the amphiphiles fully dissolve in aqueous
media, we cannot conclude that the cut-off effect is due to the “intrinsic” activity of the

amphiphiles or due to the decreased solubility of the amphiphile in the microbiological media.

To overcome the challenge of low solubilities of saturated long-chain fatty acids, we
have made very long-chain dendritic amphiphiles that are water soluble to 20 mM and show
antimicrobial activity, especially against Candida albicans, Mycobacterium smegmatis, and
Saccharomyces cerevisiae [8], and anti-HIV activity [Doncel, Macri, Williams, Sugandhi, and
Gandour, unpublished]. One series of these novel tri-headed anionic amphiphiles,

R1 = n-C,Hy,,; ~COOH

R1 /Oﬁ( COOH
o)

3CCbn COOH

4-[(alkoxycarbonyl)amino]-4-(2-carboxyethyl)heptanedioic acids, (abbreviation 3CCbn,
n = 14-22 is the number of carbon atoms in the alkyl substituent) is constructed from the
Newkome-type dendrons [9] and is a new entry into the area of multi-headed amphiphiles.
Multi-headed amphiphiles date back to the 1950s with the alkyl malonates [10] and the
alkane-1,1,2-tricarboxylic acids [11]. Metal-chelating amphiphiles, derivatives [12] and
analogues [13-16] of EDTA, have four carboxylates. Several amphiphiles based on
aurintricarboxylic acid [17] and several amphiphilic polymers with dendritic anionic head
groups [18] have good anti-HIV activity. The dendritic head-group structure and the very
long chain of 3CCbn amphiphiles will impart properties different from those of natural

saturated fatty acids.



The antimicrobial data for 3CCbn show that longer chains (3CCb18-22) are more
active than the shorter chains (3CCb14-16). These data contrast with those of saturated fatty
acids, where the most active compounds are in the range of Cg to Cy4 [1-5]. A dendritic
structure should reduce the absorption of an amphiphile into a cell. The highly branched
structure of the head group resembles the dendritic structure of glycolipids that are anchored
on the outside of cells. Branching and the triple charge might retard diffusion across
membranes. Given the success of very long chain amphiphiles as antimicrobials, there might
be a preference for absorption of these amphiphiles on pathogens as opposed to epithelial

cells resulting in the reduced irritancy.

To understand molecular mechanisms in the biological activities of these compounds,
their interactions with different cell constituents must be studied. Several researchers [2,5,19]
have proposed that the microbicidal mechanism of action involves fatty acids interacting with
membranes. Because of the long alkyl chains, 3CCbn will likely partition into biological
membranes. Upon doing so, these amphiphiles will affect the structure and dynamics of the
membrane. The phospholipid bilayer comprises the structural matrix of biological
membranes. Understanding how amphiphiles interact with a phopholipid bilayer will provide

clues to the molecular mechanism of the biological activity [7].

In this paper, we report the interaction of 3CCb20, a representative of a very long
chain amphiphile, with model bilayers prepared from dipalmitoylphosphatidylcholine (DPPC)
using small- (SAX) and wide-angle (WAX) synchrotron X-ray diffraction.

1. Materials and Methods

DPPC was purchased from Avanti Polar Lipids (Alabaster, USA). 3CCb20 was pre-
pared from the Newkome-type dendrons [9] as described in [8]. 3CCb20 amphiphile and
DPPC were mixed at 0.91 : 1 molar ratio in methanol+chloroform, the solvent was evaporated
under a stream of gaseous nitrogen and its traces removed by an oil vacuum pump. Redistilled
water was added at the HO : DPPC =5 : 1 weight ratio and the mixture was homogenized
mechanically. About 2 -3 h before measurements, the mixture in the sample holder was
heated to ~ 70 °C and cooled to room temperature twice. SAXD and WAXD experiments
were performed at beamline A2 in HASYLAB at DESY using a monochromatic radiation of
wavelength 0.15 nm [20]. The evacuated double-focusing camera was equipped with two lin-

ear delay line readout detectors [21,22]. The SAX detector was calibrated using rattail tendon
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[23] and the WAX detector by tripalmitin [24,25]. Data reduction and normalization were
done with the programs STAFO and OTOKO [26]. During temperature scans, the samples
were heated from 20 to 80 °C in 60 min and the diffractograms were recorded for 10 s every
min. The diffraction peaks were fitted with Lorentzians and positions of maxima, intensities,
integral intensities and half widths of peaks at one half of their intensity were determined with
a non-linear least-squares program. The cross-sectional area A of aliphatic chain was calcu-

lated from the position of WAX peak as in [27].

3. Results and Discussion

It is well known that DPPC forms lyotropic lamellar phases in excess water. On heat-
ing, the phase behaviour of the DPPC-H,O system can be described in the form
L. — Lg — Pg — L, where the three solid-like phases L, Lg: and Pg have extended acyl
chains predominantly in a trans configuration, while the lamellar fluid phase L, has disor-
dered acyl chains due to trans - gauche isomerization [27]. The L. phase forms only if the
DPPC - H,O system has been annealed at low temperatures for an extended period of time
[28-30]. In the Lg- phase, the acyl chains are tilted to the bilayer normal, but become perpen-
dicular to the bilayer plane in the Pg phase; the lamellae surface of the Pg phase is rippled
[27]. Typical SAX and WAX diffractograms obtained for Lg;, Pg and L, phases in fully hy-
drated DPPC are shown in Fig. 1; they agree with those in the literature [27]. The pre-
transition (Lg — Pp) and the main gel-liquid crystal phase transition (Pg — L,) estimated
from temperature dependencies of several diffraction peak parameters were ~ 36 = 1 °C and
~42 £ 1 °C, coinciding within experimental error with 35.48 + 0.20 °C and 41.53 £0.02 °C,

which were determined by scanning calorimetry at heating rate of 0.25 °C/min in [31].

For the 3CCb20+DPPC mixture, a broad SAX scattering distribution centered at
s =(0.15-0.20) nm' was observed at temperatures below 40 °C (Fig.2). Up to this
temperature, a strong WAX diffraction peak was observed at s = (0.42 - 0.43)" nm™ (Fig. 2).
In the range 20 — 38 °C, the position of a broad SAX peak oscillated between s =0.15 and
s =0.20 nm'l; the WAX peak shifted continuously from s=2.36 nm! to s=2.32nm’
(Fig. 3). The position of the WAX peak is typical for ordered aliphatic chains of gel-phase
phospholipids [27]. The simultaneous absence of long-range ordering and presence of short-
range ordering observed in the 3CCb20+DPPC mixture indicates the formation of mixed am-

phiphiles—phospholipid aggregates, possibly solid-like gel-state discoidal mixed micelles, as
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in fully hydrated C;;Eg+DPPC and C;;Es+DMPC mixtures [32]. Between 20 and 40 °C, a
small SAX reflection (labelled a in Fig. 2) at s, ~ 0.1 nm’! indicates the formation of long-
range order in the 3CCb20+DPPC mixture. Between 39 and 41 °C, the intensity of WAX re-
flection decreases; the WAX peak broadens and shifts to s ~2.18 - 2.17 nm’! (Figs. 2 and 3).
These changes indicate the disordering of aliphatic chains—the chain melting in the hydro-
phobic core of micelles. Simultaneously with this melting, the small SAX reflection at
s~0.1 nm" disappears; the integral intensity of the broad SAX reflection at
s =(0.15-0.20) nm’ decreases; two new peaks (labelled b and c in Fig. 2) appear. The ratio
of positions of these two peaks remains constant s : s, = 2.00 = 0.01 up to 80 °C. The appear-
ance of these two peaks and their relative positions indicate that the chain-melting phase tran-
sition proceeds simultaneously with the micelle-lamellar phase transition. Finally, a small
SAX peak (labelled d in Fig. 2) at s ~ 0.18 nm™ is present between 60 and 80 °C. The tem-
perature dependence of positions of SAX and WAX reflections is shown in Fig. 3. The gel-
state micelle—fluid-state lamellar phase transition is reversible. During the rapid cooling from

80 to 20 °C in 5 min, the broad SAX reflection reappears (Fig. 2, top patterns at 20 °C).

From the positions of lamellar SAX reflections b and c as well as the position of the
WAX reflection, we have calculated the repeat distance d of the lamellar phase and the cross-
sectional area A of an aliphatic chain, respectively (Fig. 4). In comparison to DPPC, the re-
peat period d is larger in the fluid phase of the 3CCb20+DPPC mixture. Both the electrostatic
repulsion of bilayers (charged negatively by 3CCb20) and the bilayer thickness increase (the
aliphatic chain in 3CCb20 is longer than those in DPPC) can contribute to this effect. The
cross-sectional area A is smaller in the gel-state micelles and fluid bilayers of 3CCb20+DPPC
than in the gel-state and fluid bilayers of pure DPPC, respectively. This improved packing in
the hydrophobic region can be caused by an increased chain—chain van der Waals attraction in

the 3CCb20+DPPC mixture, because of the increase in the mean chain length.

Amphiphiles partition between the aqueous phase and phospholipid bilayers and, after
reaching some critical amphiphile/phospholipid molar ratio in the bilayers, the mixed bilayers
transform into mixed micelles; this transformation commonly denoted solubilization is widely
known and used [33-36]. The transformation is driven by a very large difference in spontane-
ous curvatures between phospholipid and amphiphile which is dependent on the amphi-
phile/phospholipid molar ratio. Decreasing the amphiphile concentration—by the dissolution
of mixed micelles [37-39] or by the reduction of partitioning of the amphiphile into a lipid
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phase by changing the temperature [40-44]—results in a transformation into bilayer vesicles.
For several homologous series of amphiphiles, short-chain homologues decrease and long-
chain homologs increase the main phase transition temperature of DPPC when their chain
length approaches or is longer than the acyl chain length of DPPC (see [45] for a review and
discussion). By extending the van’t Hoff theory of freezing point depression, one can show
that the decrease and increase in phase transition temperature is connected with the surfactant
partitioning into the lipid bilayer. The decrease occurs when the partition coefficient of an
amphiphile between the fluid-state bilayer and the aqueous phase, Ky, is higher than the parti-
tion coefficient between the gel-state bilayer and the aqueous phase, Kg, while the increase
occurs when Kj/Kg<1 [30,31,46,47]. The temperature induced gel state micelle — fluid bi-
layer observed in the present study could be caused by this partition effect in combination

with the spontaneous curvature mechanism.

In summary, our results show that 3CCb20 integrates into the lipid bilayer of DPPC
and, as a result, changes the phase behavior of DPPC. This unique amphiphile with a
dendritic head and a single, very long chain (20 carbons) affects the phase behavior of DPPC
differently than the saturated C;,-Cy fatty acids [48,49], which have a single carboxy as a
head group. The hydrated tri-carboxyl head likely occupies a greater volume than a single
hydrated carboxy. The increased volume should lead to a greater spacing of the amphiphiles
in the bilayer and, due to the conical shape shape of the amphiphile, greater curvature as
demonstrated by the formation of discoidal mixed micelles similar to those formed by fully

hydrated C,,Es+DPPC [32].

It is now established that biological membranes are highly sophisticated structures
assembled of distinct lipid domains that functionally organize the proteins embedded in the
lipid bilayer. One of these domain types, termed rafts, is in a solid-like ordered state [SO]. The
rafts are present in most mammalian plasma membranes and can serve as platforms for both
signaling as well as the entry of pathogens such as viruses, including the HIV [50-55]. Also
the lipid composition of native HIV membranes resembles raft domains [56]. The ability of
3CCb20 to solubilize ordered solid-like gel state bilayers could contribute in its anti HIV

activity.
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Figure legends

Fig. 1. SAX and WAX diffraction patterns of Lg:(20 °C), Pg (38 °C) and L, (43 °C) phases in
hydrated DPPC.

Fig. 2. SAX and WAX diffraction patterns of hydrated DPPC+3CCb20 mixture.

Fig. 3. Temperature dependence of positions of SAX and WAX reflections in the hydrated
DPPC+3CCb20 mixture. For reflections a, b, ¢ and d see Fig. 1.

Fig. 4 Temperature dependence of the lattice parameters and cross section area A of aliphatic

chains of hydrated DPPC (¢ ) and DPPC+3CCb20 mixture ().
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Fig. 1 SAX and WAX diffraction patterns of Lg-(20 °C), Pg (38 °C)
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