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Abstract

Solvation free energies of drugs, peptides, and other small molecules in the core and headgroup
regions of phospholipid bilayers determine their conformations, accumulation, and transport
properties. The transfer free energy includes the energy terms for the formation of a cavity for the
solute, the interactions of the solute with phospholipids, electrostatic interactions of the solute with
the membrane and dipole potentials, and entropy terms. The interaction energies with phospholipids
can be estimated by correlating the partitioning in surrogate solvent systems and in the bilayer. As
the headgroup surrogate, we use diacetylphosphatidylcholine (DAcPC), the acetylated headgroup of
the most abundant mammalian phospholipid, phosphatidylcholine, which forms a homogeneous
solution with acceptable viscosity, when mixed with water in ratios similar to those in the fully
hydrated bilayer. The two-phase system of n-hexadecane (C16) as the core surrogate and hydrated
DACcPC was used to monitor partitioning of sixteen nonionizable compounds. On the bilogarithmic
scale, the C16/DACPC partition coefficients correlate neither with those in the C16/water and 1-
octanol/water systems, nor with their difference, which is frequently used as a parameter of hydrogen
bonding for prediction of the bilayer location of the solutes. The C16/DACPC system provides a
satisfactory emulation of the solvation properties of the bilayer regions, as reflected in correct
predictions of the bilayer location for those of the studied chemicals, for which this information is
available.

Keywords

bilayer location; solvation energy in headgroup region; surrogate phase;
diacetylphosphatidylcholine; transfer energy

Introduction

Interactions of chemicals with the headgroup and core regions of phospholipid bilayers play
key roles in pharmacokinetics,1 =3 modification of membrane-anchored receptors,* anesthesia,
5 membrane protein folding6 and channel function,7 among other biologically relevant
processes. Despite intense thermal motion,8 the regions of (1) low headgroup density, (2) high
headgroup density, (3) high tail density, and (4) low tail density can be discerned in a
phospholipid bilayer.® Individual regions differ in shielding electrostatic charges, in the types
of interactions, which the solute molecules experience, and in the free volume fractions that
are important for diffusion of small molecules9:10 such as water,11 urea, formamide,12
oxygen,13 nitric oxide,4 nonionized formic acid,!® and others. A number of experimental
techniques, mainly X-ray® and neutron diffraction,}” NMR8:19 and EPR20 spectroscopy, and
fluorescence quenching?! have been used for characterization of the location of compounds in
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the phospholipid bilayer. For macromolecules, the atom-level details of the interactions with
the bilayer regions are difficult to investigate because of the size of the molecules.

Partitioning equilibria of solutes in bilayer regions result from the interplay of several factors
that include the interactions of solutes with phospholipids, the energy to create the cavities for
solute molecules, electrostatic interactions with the membrane and dipole potentials,?2 and
entropic consequences of partitioning in individual regions.23=2% Estimates for the first factor
have traditionally been obtained using organic solvents as surrogates of the bilayer or its
regions. The partition coefficients P in two solvent systems that are capable of similar
interactions with the studied compounds are related according to the Collander equation:26

P2:(YX#i (1)

The parameters o.and p are obtained by the fit to the experimental data. The approach is widely
used in the design of bioactive compounds,2” computational chemistry,28 protein folding,2°
and other areas.30

After early experiments with loosely defined 0ils31=35 and other organic phases,26:36 1-
octanol became a widely used solvent.3” The authors and many followers in the area of
quantitative structure-activity relationships (QSARS) in the design of bioactive compounds
intuitively considered hydrated 1-octanol to be the hydrocarbon core surrogate, despite its
comparatively high equilibrium water content that at room temperature equals 2.18 mol/1.38
This fact can be reconciled with the aforementioned view using the observation of the water
transport in the hydrocarbon core,11 although the core seems to be almost dry under
equilibrium conditions.39:40 Contrary to the core surrogate hypothesis, studies in peptide
binding to liposomes*! and in transport through black lipid membranes*? assume that 1-octanol
mimics the headgroup region of the bilayer. Interestingly, both views can be correct: X-ray
diffraction analyses,*3 spectroscopic investigation,** and molecular dynamics simulations#>:
46 of the structure of liquid, water-saturated 1-octanol revealed fluctuating polar and nonpolar
regions including inverted micellar aggregates that could imitate both cores and hydrated
headgroup regions. Consequently, while 1-octanol seems to be a good bilayer surrogate for
estimation of the overall bilayer partitioning, its amphiphilic character may complicate its use
for characterization of solvation in individual regions.

As the criteria for selection of a proper surrogate, early studies used partitioning into cells and
transport through biological films that are affected by protein binding and other bilayer-
unrelated factors. These problems are avoided when using phospholipid liposomes that are
more suitable for evaluation of the surrogate phases. Liposome partitioning is affected by the
temperature, which should be well above the gel-fluid phase transition temperature,*’ fluidity,
48 phospholipid surface density,4® and other mutually related factors.>? Ideally, all data for a
comparison should be measured under identical conditions imitating the studied biological
system. The partition coefficients of chemicals in liposomes and in the 1-octanol/water system
were correlated, on a bilogarithmic scale, with separate dependencies for neutral, positively
charged, and negatively charged molecules.>! The relationships break down even for
homologous series exhibiting different preferred bilayer locales for individual members.>? If
diverse chemicals are considered, the relationship seems to hold, with a wider scatter and within
certain size and lipophilicity limits,>3 for neutral molecules®* but not for charged molecules.
55,56 A careful analysis of the data measured in a single laboratory showed that even for neutral
chemicals, different lines can be discerned for polar and nonpolar compounds.®” More variation
can be expected for compounds with different H-bond donor groups.
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The studies with black lipid membranes showed that the selectivity of the bilayer to the
partitioning of the H-bonding groups lies somewhere between those of 1-octanol and pure
hydrocarbon,%® but is significantly closer to that of the latter.5%:60 Additional support for the
use of hydrocarbons as the core surrogates1:62 comes from the experimental observation of
similar molecular packing of the fatty acyl methylene and methyl groups in region 4 of the
bilayer and in bulk liquid alkanes.%3

Four solvents, 1-octanol, propyleneglycol dipelargonate, chloroform, and alkane, were used
to model the amphiprotic, H-bond acceptor, H-bond donor, and hydrophobic properties of
membranes:, respectively.84 In all mentioned two-phase systems, the bilayer is mimicked by
an organic solvent and the difference in solvation free energies is measured against water. The
ethylene glycol/heptane system6® represents a rare attempt to imitate separately the headgroups
and the core regions of the bilayer. None of the solvents used so far emulates the charged
functional groups of phospholipids.

A straightforward approach to include all functional groups of phospholipids into the surrogate
system is to split the phospholipid molecules into the headgroups and the alkanes. We have
found that the phosphatidylcholine (PC) headgroup with truncated fatty acid chains,
diacetylphosphatidylcholine (DAcPC), when dissolved in water in a molar ratio of 1:14 (1.96
M) corresponding to the hydration shell of the PC headgroup in the gel-liquid bilayer not far
above the transition temperature,56:67 forms a homogeneous and only slightly viscous solution.
The hydrated DAcPC has the same composition as the PC headgroup region. The methyl groups
in the DACPC acetyls imitate the few methylenes of fatty acids that fluctuate at the level of
carbonyls in a PC bilayer and can be considered a part of the headgroup region.8 Alkanes seem
to be a good surrogate for the core.59783 In contact, hydrated DAcPC and n-hexadecane (C16)
exhibit minimal mutual solubilities. In this study, partitioning of a set of compounds between
hydrated DAcPC and C16 is measured and compared with partitioning in other solvent systems,
with a special emphasis on the prediction of the preferred bilayer location. Isotropic two-phase
systems can be used to estimate, via the Collander equation 1, the interactions with the
surrounding phospholipids. The solvent systems cannot capture the effects of the cavity
formation energy, electric fields, and entropy in the bilayer. Relative contributions of the four
factors to the bilayer partitioning vary depending on the solute properties. The cavity formation
energy can probably be parametrized using the molecular mass, molecular volume, or the cross-
sectional area of the solutes, although the choice of the area (minimal, maximal, or expected
in the dense bilayer regions 2—3) may not always be straightforward.22:68~71 The membrane
and dipole potential have the largest impact on the charged molecules. The entropic anomalies
were observed for large aromatic molecules and only affect the distribution between the high-
density and low-density tail regions 3 and 4, respectively.2372% We hypothesize that, for neutral
molecules of similar sizes, the C16/DACPC transfer free energies will correlate with similar
quantities for the transfer from the core to the headgroup region better than those in other
solvent systems because of the close match in chemical composition of the phases.

Experimental Section

Chemicals

DACPC was obtained from Euticals (Prime European Therapeuticals S.p.A, Lodi, Italy). All
studied solutes and C16 were purchased from Sigma-Aldrich (St. Louis, MO).

Mutual Phase Dissolution

The DACPC phase (2.5 ml) and 8.5 ml of C16 were incubated on a rotary shaker at 25°C. The
phases were separated and analyzed at appropriate times up to 48 h. DAcPC from 2 ml of the
C16 phase was extracted to 1.2 ml of water. Water was evaporated under the stream of nitrogen
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and the amount of DACPC was determined by the modified Bartlett’s phosphate assay.’2 The
DACcPC phase (0.8 ml) was transferred into a 2.0 ml clear glass vial and allowed to equilibrate
with the gas phase for 15 minutes. The headspace was then sampled for hexadecane using a
65 um Carbowax/divinylbenzene SPME fiber (Supelco, Bellefonte CA). The extraction was
performed under static conditions with 10 min exposure. Analysis was done using GC/MS/
MS-lon Trap (Varian 3800/Saturn 2000; Varian, Inc.; Palo Alto, CA).

Thermal Behavior of Hydrated DAcPC

The hydrated DAcPC phase (1.96 M) was examined for phase transitions by differential
scanning calorimetry (Microcal, LLC, Northampton, MA). The phase was analyzed in cooling
regimen in range 80°C to 5°C with a scanning rate of 15°C/hr. No transitions were detected;
therefore, hydrated DACPC is regarded as an isotropic phase.

C16/DAcPC Partitioning

For partitioning measurements, the two phases were mutually saturated by the 8-h contact,
although less than 1 h is sufficient to obtain the equilibrium. After separation of the phases,
the measured compound was dissolved in the C16 phase and the solution was surfaced on the
DACPC phase. For 2,6-dimethoxyphenol and 2,3-diaminonaphthtalene, the partitioning from
hydrated DAcPC to C16 was also monitored. The volume ratio of the two phases was estimated
on the basis of the structure of the compound and preliminary experiments so that the expected
change in the drug concentration in the C16 phase was at least 5% but no more than 95%. For
each compound, eight samples were set up at the beginning of the experiment and incubated
at 25°C on an orbital shaker. The samples were withdrawn from the shaker at the times varying
from 0 to 5 h, and the amount of the compound left in the C16 phase was determined by UV
spectroscopy (UV-1601; Shimadzu Scientific Instruments, Columbia, MD). The experiments
were carried out in test tubes (16 x 100 mm, volume 11 ml) with screw caps and PTFE septa
to prevent evaporation. For most compounds, the equilibrium was reached in less than 2 h.
Along with each sample, a control containing only the compound dissolved in the C16 phase
was processed to account for possible evaporation of the compound.

Partitioning Data Analysis

For all measured compounds, the equilibrium was reached within the duration of the
experiment and so the equilibrium data analysis was used to determine the partitioning of the
compound (Figure 1). The partition coefficient Pc1g/pacpc Was calculated directly from the
equilibrium concentrations c:

c(‘lé (eq)VDAcPC

P. =
C16/DAcPC I.C(‘l6(0) _ CCIG(eq)J VC[6 — HCCI()(CQ)Vajr (2).

Here, V are the volumes, the subscripts denote individual phases, and the terms in the brackets
indicate the time t = 0 and the equilibrium, respectively. To correct for evaporation, the
dimensionless Henry constant, H, was calculated using the control samples:

[C('lb(o) — C(‘lb(eq)] Vi
Cc16(€q) Vair (3).

H=

To confirm that the partitioning equilibrium has been reached, the C16/DACcPC partition
coefficients were also calculated by fitting the time-dependent decrease of the drug
concentrations in the hexadecane phase upon partitioning into the DAcPC phase. For this
purpose, a scheme similar to that in Figure 1 was used, with the two equilibrium constants
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replaced by the respective pairs of the rate constants. The linear differential equations
describing the scheme were solved for the full scenario, as well as for the absent evaporation
and for the transfer being much faster than evaporation. The fits’2 of the kinetic data provided
results similar to those of the equilibrium analysis.

Results and Discussion

The two-phase C16/DAcPC system was characterized before its use for partitioning
experiments. At 25°C, the equilibrium concentration of C16 in the DAcPC phase was equal to
130 ng/ml (0.574 puM), while that of DACPC in the C16 phase was below the detection limit
of the used method, i.e., less than 1 ng/ml (3 nM). The low equilibrium concentrations of
DACPC and C16 in the opposite phases are expected to have a negligible influence on the
partitioning of the studied compounds, whose concentrations are mostly close to the millimolar
range for analytical reasons. The hydrated DAcPC phase (1.96 M) did not exhibit phase
transitions when examined by differential scanning calorimetry and is regarded as an isotropic
phase.

For partitioning measurements, the DACPC and C16 phases were mutually saturated. The
measured compounds (Table 1) were dissolved in C16, and the solution was surfaced on the
DACPC phase in closed 11-mL test tubes to prevent evaporation. Along with each sample, a
control containing only the compound dissolved in the C16 phase was processed to monitor
possible evaporation of the compound. The kinetic and equilibrium data were processed
according to the scheme given in Figure 1. For two compounds, the partitioning was measured
in both directions, from the C16 phase to the DACPC phase as well as from the DAcPC phase
to the C16 phase, with a reasonable agreement between the partition coefficients. The obtained
logPc16/pAcpc Values for the C16-to-DACPC partitioning and DAcPC-to-C16 partitioning
were —1.054 + 0.025 and —0.996 + 0.010 for 2,6-dimethoxyphenol and —1.694 + 0.073 and
—1.691 + 0.019 for 2,3-diaminonaphthalene, respectively. The kinetics of partitioning and
evaporation for one of the studied compounds, pyridine (10, Table 1), is shown in Figure 2.
The measured partition coefficients P are summarized in Table 1, along with the P values for
the C16/water system and 1-octanol/water system (C16/W and O/W, respectively), which are
often used as surrogate phases, and the comparison with the studied system is of interest.

The C16/DACPC partition coefficients P significantly differ from those in the C16/W and O/
W systems for all compounds except for compounds 2 and 3, indicating different solvations
of the chemicals in these systems. The dependencies of the P values, on the bilogarithmic scale,
are shown in Figure 3. Also included are the values of the difference logPc1env — 10gPow
that are formally equal to the logPc16/0 values (1-octanol is frequently assumed to imitate
solvation in the headgroup region41:42). The correlations are far from perfect. The
characteristics of the linear fits for logPc16/w, 100Pows and 1ogPc16/0, respectively, are:
slopes of 1.091, 0.665, and 0.462; intercepts of 0.406, 2.011, and —1.606; standard deviations
of 1.347, 1.351, and 0.805; and squared correlation coefficients, equal to the percentage of
explained variance, of 0.817, 0.614, and 0.606. Obviously, logPc1s/pacpc iS coding unique
solvation information that cannot be obtained using the two common two-phase systems. Is
this information relevant for the bilayer partitioning?

The C16/DACPC partition coefficients were used to estimate the equilibrium distribution of

compounds in the fluid PC bilayers on an amount basis (Table 1), using the headgroups/core
volume ratio 2:3 as in the dimyristoylphosphatidylcholine bilayer.6” The estimated distribution
agrees well with the experimental data, although the results for solutes 2, 6, and 16 deserve

some discussion. For benzene (2 in Table 1), both the headgroups and core have been reported
as the preferred locale in separate studies’® "6 and our treatment favors the core, in accord with
the MD simulations.*® 9-Anthracenemethanol (6 in Table 1) anchors at the interface, with the
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hydroxy group interacting with the headgroups and the rest of the molecule solvated in the
core.21 For bisphenol A (16 in Table 1), the NMR data indicate that practically the entire
molecule interacts with the headgroup region and only the two methyl groups are in contact
with the first two methylenes of the fatty acid chains. Since the first two to three methylenes
of the sn-2 fatty acid fluctuate at the level of the carbonyl groups of the fatty acids,? bisphenol
A can be considered as solvated in the headgroup region, in accord with the C16/DAcPC
prediction.

The difference logPc1gnw — 10gPopw (formally equal to logPc16/0) is frequently considered
an indicator of the hydrogen-bonding ability®:79—81 and, consequently, as a parameter
characterizing the preferential location of the solutes in the bilayer. The fraction of compounds
present in the core as a function of logPc16/0 is plotted in Figure 4. As summarized in Table
1, experiments show that compounds 1-4 partition into the core, compound 6 sticks to the
interface, and compounds 10, 12, 15, and 16 interact preferentially with the headgroups. To
connect the compounds with a known locale in the headgroups or in the core (except compound
6 in Table 1), the data were fitted’3 with the Boltzmann sigmoidal function:

100
—logP,,,,+0.776)/0.215] w

Feore=100 —
core 1+exp[ (logP,

Cl6/W

Standard deviations of the optimized parameters are less than 20% of the parameter values and
the squared correlation coefficient is r2 = 0.992. All compounds were included except the
outliers 5-9 (Table 1).

The compounds with the logPc1/0 values larger than —0.5 are expected to partition to the core
(Fcore > 80%) and those with the logPc16/0 Values below —1.0 or so are anticipated to associate
with the headgroup region (F¢ore < 20%). The logPc16/0 Values between —1.0 and —0.5 indicate
that the compound has no clear preference for the core or the headgroups and can partition in
both phases and/or at the interface. The exact limits depend on the phospholipid and the
experimental conditions.

The locales estimated using the C16/DACPC partitioning (Figure 4) are in perfect agreement
with the known locales for all compounds where this information is available (1-4, 6, 10, 12,
15, and 16, Table 1). The difference between logPc16/wv and logPc16/0 Values also perform
well for these compounds, except compound 6, which is predicted to reside in the headgroups,
while the fluorescence quenching experiments located it at the interface.2! The differences
between the C16/DAcPC and C16/0 systems are seen for compounds 5 — 9: the C16/0
prediction places them clearly into the headgroup region, while the C16/DACPC prediction
does not indicate a strong preference, except locating 3-bromoaniline (5 in Table 1) in the core.
As mentioned above, the locale for compound 6 is correctly predicted by the C16/DAcPC
system. Unfortunately, no experimental data are available for compounds 5, 7, 8, and 9, to
decide the contest at this point. Some insight can be obtained using observations on similar
compounds.

Phenol is partitioning at the interface between the nonpolar regions and small aqueous regions
inside inverted micelles in wet 1-octanol.#® 4-tert-Octylphenol, having a chain of higher
lipophilicity than the 4-Br substituent, interacts with the bilayer interface.82 These facts indicate
that 4-bromophenol (compound 7 in Table 1) more probably interacts with the interface than
with the headgroups alone. A similar anticipation could be reached for 2-hydroxybiphenyl
(compound 9 in Table 1) but the ortho-position of the hydroxy group complicates the situation.
Aniline is a weaker H-bond donor than phenol.83 Therefore, 3-bromoaniline (compound 5 in
Table 1) is probably anchored less efficiently in the headgroup region than 4-bromophenol and
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may partition in the core. In these cases, the C16/DACPC system seems to be closer to the
correct prediction than the C16/0O system.

The solvation energies of a solute in C16 and in the hydrated DAcPC phase can be rationalized
in terms of two contributions: the energies needed to form a cavity in either phase and the
interactions of the solute molecule with the solvent molecules lining the cavity. The cavity
formation energy is the highest in bulk water and decreases in the headgroup region to a
minimum in the core.22:70 A cavity in the isotropic DACPC solution can probably be formed
easier than in the headgroups because the headgroup anchoring effect of the high-density tail
region 3 is missing in DAcPC. On the basis of these facts, we expect that the main contribution
to the solvation energies in DAcPC and C16 comes from the interactions between the solutes
and phospholipids. Thus, partitioning in the C16/DAcPC system is expected to provide only
information about one of the factors contributing to the location in the bilayer, energy of
interactions with the phospholipids. The cavity formation energy is a minor factor, and entropic
factors as well as the energies of electrostatic interactions of the solutes with the membrane
and dipole potentials are not included.

The solvation energies in the bilayer regions can be estimated using a correlation with the
surrogate solvation energies in the C16/DACPC system as was reported for many other solvent
systems26 and possibly with the estimates of the remaining three contributing factors. The
refined solvation energies will provide a basis for a future system of fragment contributions
for estimation of affinities of chemicals to individual bilayer regions. The planned approach
has a potential to improve the knowledge and estimation of solvation energies of drugs and
membrane-bound proteins in individual bilayer regions.
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Figure 1.

A scheme for partitioning of organic compounds between air, C16 and hydrated DAcPC. For
simplicity, the equilibrium constants are only shown: the partition coefficient P characterizing
the partitioning equilibrium and the Henry constant H characterizing the evaporation
equilibrium. The kinetics of evaporation and partitioning were analyzed using explicit solutions
to the corresponding sets of linear differential equations.
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Figure 2.

Kinetics of partitioning of pyridine (10, Table 1) from C16 into the hydrated DAcPC phase.
Solid points show the decrease of pyridine concentration in C16 caused by both partitioning
and evaporation. Open points show evaporation of pyridine from control samples containing
only pyridine in C16.
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Figure 3.

The dependences between the partition coefficient in the C16/DAcPC system and the partition
coefficients P in the systems C16/W (e), O/W (o), and C16/O (compound numbers, Table 1)
that was obtained as log Pc16/w — 109 Poyw-

Langmuir. Author manuscript; available in PMC 2010 July 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lukacova et al.

Page 13
T T T T T T T T T T T
100 +—
80+
o
8 1 7
E 60__
= 8
>
= 40+
. ]
©
© 20+
L
T 13
0 16
—
-4 -3 -2 -1 0 1
Ioch16,W-IogPO,W
Figure 4.

Fraction in the core region as predicted from the C16/DACPC partitioning as dependent on the
C16/0 partition coefficients. Experimentally, compounds 1-4 were located in the core,
compound 6 at the interface, and compounds 10, 12, 15, and 16 in the headgroups (Table 1).
The sigmoidal curve connects the compounds with known locale in headgroups or the core and
corresponds to Eg. 4.
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