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Purpose. The objective of this study was to compare and interpret the
variations in lipophilicity of homologous ( p-methylbenzylalkylamines
(MBAAGS) in isotropic (octanol/water) and anisotropic (zwitterionic
liposomes/water) system.

Methods. Two experimental approaches were used, namely the pH-
metric method to measure lipophilicity parameters in octanol/water
and liposomes/water systems, and changes in NMR relaxation rates to
validate the former method and to gain additional insights into the
mechanisms of liposomes/water partitioning.

Results. For long-chain homologues (N-butyl to N-heptyl), the octanol/
water and liposomes/water systems mostly expressed hydrophobicity.
In contrast, the lipophilicity of the shorter homologues (N-methyl
to N-propyl) in the two systems expressed various electrostatic and
polar interactions.

Conclusions. The study sheds light on the molecular interactions
between zwitterionic liposomes and amphiphilic solutes in neutral and
cationic form.

KEY WORDS: lipophilicity; liposomes; intermolecular forces; ionic
bonds: hydrogen bonds; hydrophobic interactions; pH-metric method;
NMR relaxation rates.

INTRODUCTION

The biological activity of drugs depends on their interac-
tion with biomembranes both in a pharmacodynamic and a
pharmacokinetic context (1). In turn, the properties of such
membranes depend on their dynamic behavior as influenced
by their interactions with various xenobiotics.

Cationic amphiphilic drugs (CADs) are a class of com-
pounds sharing some common chemical features, namely a
lipophilic ring and a hydrophilic side-chain with a charged
amino group. CADs used in therapy include cardiovascular
agents (amiodarone and propranolol), antipsychotics (chloro-
promazine, imipramine and promazine), and antidepressants
(trimipramine and chlorimipramine) (1). Such compounds can
affect the properties of biomembranes with which they interact,
for example by causing phospholipid storage disorders (phos-
pholidosis) (1).

The log P values of neutral species are known to be compa-
rable in octanol/water and liposomes/water systems, whereas
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charged species (in particular cations) partition significantly
better into anisotropic lipid bilayers than into octanol, presum-
ably due to the formation of ionic bonds with the anionic
phosphate headgroups (2-5).

To unravel the complex mechanisms governing the interac-
tions between CADs and biomembranes, homologous (p-meth-
ylbenzyl)-alkylamines (MBAAs) were prepared and examined
for their partitioning in and interactions with zwitterionic lipo-
somes (3,6,7). Two experimental approaches were used. Potenti-
ometry (8,9) yielded the partition coefficients of the neutral
and cationic forms in the n-octanol/water and liposomes/water
systems. Changes in NMR relaxation rates in the presence of
liposomes (10) were used to validate the potentiometric results
and gave additional insights into the mechanisms of interaction
between solutes and liposomes.

MATERIAL AND METHODS

Chemicals and Synthesis of (p-methylbenzyl)alkylamines

All reagents and deuterated solvents were supplied by
Aldrich Chemical Co. (Milwaukee, WI, USA). Methanol,
dichloromethane and diethyl ether were from Merck (Bracco,
Milan, I). Analytical grade n-octanol was purchased from Fluka
Chemie (Buchs, CH). Sodium phosphate (Fluka Chemie) was
used as buffer.

The synthesis of the (p-methylbenzyl)alkylamines 1-11
was carried out by known procedures (11,12). p-Toluylaldehyde
was converted into the imines with the corresponding alkylam-
ines and the imines were reduced with LiAlH,. The identity of
all synthetized compounds was checked by 'H-NMR spectros-
copy in DMSO-dg at 200 MHz with a Bruker AC-200 spectrom-
eter. Melting points (supporting information) were determined
on a Biichi 530 apparatus (Biichi Labortechnik AG, Flawil,
CH) and are uncorrected. Elementar analyses were within
* 0.4% of expected values (REDOX, Cologno Monzese, I).

Preparation of Liposomes

Egg-phosphatidylcholine grade 1 was purchased from
Lipid Products (S. Nutfield, Surrey, UK). The liposomes were
prepared by the extrusion method. The first batch was prepared
as described in (13), except for a 0.15M KCI solution (instead
of buffer) which was added to the dried film without detergent
dialysis. The second batch of liposomes, to be used in NMR
measurements, was prepared using deuterated water.

All liposomes were stored at 4°C under nitrogen and the
lipid concentration of liposomes were determined as reported
(13). The size distribution of liposomes was measured by
dynamic light scattering (13).

Conformational Analysis and Calculation of
Lipophilicity Ranges Using the Molecular
Lipophilicity Potential (MLP)

A simplified conformational search strategy using
Quenched Molecular Dynamics (QMD) was adopted (14,15).
This procedure is able to describe efficiently the main valleys
of a conformational space (see (16) for a complete description
of the method). The Solvent-Accessible Surface Area (SASA)
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(17) of the conformers generated by QMD was used as the
space for integrating the MLP back to log P, as described
(18). The MLP yields log P values for individual conformers
(so-called virtual log P values), thus revealing the lipophilicity
range accessible to a given solute by conformational adapta-
tion (19).

All calculations were run on Silicon Graphics Personal,
Indigo R4000 or Indy R4400 workstations. The SYBYL 6.2
molecular modeling package (Tripos Associates, St. Louis, MO,
USA) was used. The MLP calculations were performed with
the CLIP 1.0 software (20).

Measurement of Partition Coefficients

The partition coefficients in n-octanol/water and in
liposomes/water were determined by the pH-metric method
using a PCA 101 apparatus (Sirius Analytical Instruments Ltd,
Forrest Row, East Sussex, UK). Briefly, the pH-metric tech-
nique is based on two successive titrations. First, the solute in
water is titrated against standard acid or base to deduce the
ionization constant. Then the titration is repeated in the presence
of a water-immiscible organic solvent and a new ionization
constant is determined. In the presence of the dual-solvent
mixture, the pK, value shifts in response to the partitioning of
some of the substance into the organic phase, giving an apparent
constant called p,K,. The shift in pK, is used in the calculation
of log P, since the two are related. The principles of the pH-
metric method for pK, and log P measurement have been
explained in detail (8). The general procedure described in (16)
was used for the n-octanol/water system.

Recently the potentiometric method to measure parti-
tioning coefficients was also extended to liposomes/water sys-
tems (21). Although the experimental procedure remains the
same, the use of an anisotropic phase requires additional care,
as detailed in Section 3.3.1. Here, we used phospholipid concen-
trations ranging from 1.24 to 12.6 mg/ml and phospholipid/
solute ratios ranging from 5 to 40.

NMR Experiments

All NMR spectra were recorded at 200 MHz on a Bruker
AC-200 NMR-spectrometer in a deuterated 0.03 M phosphate
buffer of pD = 7.5 at 25°C. The constant solute concentration
was 1.26 - 1072 M. The phospholipid/ligand concentration ratio
ranged from 0.03 to 0.14, thus avoiding the interference of
proton signals from the phospholipids.

The method used is mainly based on the changes in spin-
spin (1/T,) and spin-lattice (1/T,) relaxation rates of the mole-
cule spin systems, in the presence of liposomes. Under the
experimental conditions used, the assumption holds that
I/T, = 1/T, [10,22] and that a rapid exchange occurs between
free and liposomes-bound ligand as expressed by Eq. 1:

1 1 1
= + — .
* (] a) T'.’free

(1

T20hs TZhound

where « is the fraction of ligand bound, 1/Tspoung 1S the proton
relaxation rate for the liposomes-bound ligand, 1/T,. is the
proton relaxation rate for the free ligand, and 1/T,q, is the
observed relaxation rate, representing a weighted average of
the free and bound species of the ligand. The variation of 1/T5q,
is mainly due to liposomes-ligand interactions and increases
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linearly with liposome concentration. As a result, changes in
proton relaxation rates broaden the proton signal according to
Eq. 2
1
Avyp = —— (2)

> T20hs

where Av;,, (in Hz) is the line width of the observed signal at
half-peak height. In this work, the values of 1/T,y,, were
obtained by monitoring the broadening of suitable isolated spin
systems of the solutes, namely the benzylic CH, and the aro-
matic CH; groups. The slopes obtained by plotting the observed
Av,,, versus liposomes concentration were used as an indicator
of the degree of interaction of the solute with liposomes. Broad-
ening was determined for at least 5 different phospholipid
concentrations.

RESULTS AND DISCUSSION

Conformational Analysis

The conformational space of the neutral form of com-
pounds 2-11 (compound 1 was not included given its very
restricted conformational space) was investigated by computa-
tions in vacuo. Extended conformers were energetically favored
over folded ones for compounds 2, 3, and 4, whereas the oppo-
site was true for compounds 5 to 11.

Partitioning in n-octanol/water

Calculated Log P Values

As described elsewhere (16) a comparison of calculated
log P values obtained by various previsional methods is useful to
avoid errors due to the poor parametrization of some fragments.
Table 1 shows the log P values of compounds 1-11 in neutral
form as calculated by the CLOGP algorithm (23) as well as
their lipophilicity range (virtual log P of probable conformers)
obtained by the MLP (17).

Experimental Log P Values

The partition coefficients of the neutral and cationic forms
(log PN and log P, respectively) and related parameters of
compounds 1-7 are shown in Table 2. For compounds 8-11,
no satisfactory value of partition coefficients could be measured
because the poK,s values did not vary regularly when increasing
amounts of octanol were added. This suggests that a competitive
mechanism acts simultaneously with partitioning. A likely
explanation is that the length and folded conformation of the
N-alkyl substituent in compounds 8-11 act together to favor
their accumulation at the octanol/water interface (surfactant
behavior, see Fig. 1). This in turn would increase the number
of protons in the water phase, generating electrode artifacts.

A good correlation (Eq. 2) exists between experimental
log PN, and the calculated CLOGP value of compounds 1-7:

1.08(=0.12) - CLOGP — 0.29(%=0.50)

Il

log PN,
og Poy )
n=71r=099s=016;F =374

In this and the following equations, 95% confidence limits are
given in parentheses; n is the number of compounds; r* the
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Table 1. Partition Coefficients and Related Parameters of Compounds 1-11 in Octanol/water”
CHa“@"CHa_NH—(CHz)n—CHa
* pK, CLOGP” Virtual log Py p¢  log PN Increment  log P Increment® diff(tlog PN~CY' log D7
1(0) 9.93 2.01 1.95 1.96 —* — —0.43
0.42 —
2(1 10.04 2.54 2.75-2.81 (0.24) 2.38 —0.85 3.23 -0.11
0.58 0.50
32 9.98 3.07 3.08-3.44 (0.36) 2.96 —0.35 3.31 0.54
0.53 0.52
4 (3) 9.98 3.60 3.39-3.97 (0.58) 3.49 0.17 3.32 1.07
0.77 0.60
54 10.08 4.13 3.83-4.50 (0.67) 4.26 0.77 349 1.73
0.70 0.54
6 (5) 10.17 4.65 4.22-5.09 (0.87) 4.96 1.31 3.65 2.33
0.16 0.25
7 (6) 10.02 5.18 4.36-5.59 (1.23) 5.12 1.56 3.56 2.52
8(7) 9.47 5.71 4.91-6.24 (1.33) —* — —* — — —
9(8) 9.48% 6.24 5.28-6.72 (1.44) — — —* — — —
10 (9) 9.48 6.77 5.73-7.25 (1.52) —* e —* — — o
11 (10) 9.46/ 7.30 6.11-7.81 (1.70) — — —* — — —
* Compound number (number of —CH,— groups).
@ Measured by potentiometry; the volume ratios of octanol and water were: 0.067; 0.499, 0.995.
# Taken from the Pomona database (23).
“ Limits of virtual fog Py p In parentheses the range. See for definition (17).
¢ log P of the neutral form: n = 4; S.D. < 0.03.
¢ Increment in log PN for the addition of a CH, group.
/ Experimental log P of the cationic form; n = 4; §.D. < 0.03.
¢ Increment in log P® for the addition of a CH, group.
" Experimental log PY minus log PC.
i Calculated h on: 1) = PV ! + pC 1PKa A
Calculated by the equation: D = P* - (W PC - IR
/ The Yasuda-Shedlowsky approach (at least 4 points) was used.
¥ Not measurable, see text.
Table 2. Partition Coefficients and Related Parameters of Compounds 1-7 in the Liposomes/Water System*
* log PN Increment* log P! Increment difflog PN-CY log D%
1(0) 3.09 2.54 0.55 2.54
—0.03 —0.28
2(D 3.06 2.26 0.80 227
0.01 -0.15
3(2) 3.07 2.11 0.96 2.12
-0.02 -0.57
4 (3) 3.05 1.54 1.51 1.58
0.45 0.30
5(4) 3.50 1.84 1.66 1.89
0.70 0.59
6 (5) 4.20 2.43 1.77 2.48
0.20 0.28
7 (6) 4.40 2.71 1.69 2.77

* See Table | for the chemical structure of the investigated compounds.

@ The lipid/water ratios were 1.24, 4.65. 12.6 (in mg/ml): lipid/solutes ratios varied from 5 to 40.

» Experimental log P of the neutral form: n = 5. S.D. < 0.0S.

¢ Increment in log PY for the addition of a CH, group.
f=3 P - p

4 Experimental log P of the cationic form; n = 5; §.D. < 0.05.

¢ Increment in log PC for the addition of a CH, group.

7 log PN minus log P€.

% Calculated by the equation: D = PV - (

1

>+P('.(

1+ 107KarH

]()()Kd*pH
1+ 10°KarH
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squared correlation coefficient, s the standard deviation and F
Fischer’s test.

A good relation also exists between the octanol/water log
P values of the neutral and cationic forms (log PY, and
log PS,,, respectively) (Eq. 4 and Fig. 2a). The value of the Y-
intercept (ca. 3.3) is in agreement with the general assumption
assigning 3 units to the difference between neutral and cationic
forms (designated diff{log PN~%)in Table 1) (24).

1.17(£0.10) - log PS, + 3.34(=0.10)

Il

log Pl @
5:12 = 0.99;s = 0.07; F = 802

n

Thus, the good agreement between experimental log PY., and

calculated data for compounds 1-7 (Eq. 3), and between
log PN, and log PS,, observed for 2-7 (compound 1 was too
hydrophilic for its log PS,. value to be obtained by potentiome-
try), indicate that no peculiar intramolecular effect exists for
these compounds in n-octanol/water. The smaller increment
between 6 and 7 (see Table 1) suggests that compound 7 is
already slightly affected by the surfactant behavior postulated
for compounds 8-11.

Lipophilicity Behavior in Liposomes/Water

Experimental log Py, Values

Table 2 shows the liposome/water partition coefficients of
the neutral and cationic forms (log P}, and log Pf;, respectively)
of compounds 1~7. Due to their very low solubility, compounds
8-11 could not be examined.

Interestingly, the relation between log PN and log PC is
more complex in liposomes/water than in octanol/water (Fig.
2b). This is due to the two parameters varying differently as a
function of N-alkyl length (Fig. 3a and 3b).

A similar conclusion is obtained when comparing the log
D’? values (distribution coefficients measured at pH 7.5) in
the two systems, which express mainly the contributions of the
cationic forms. The relation is a bilinear one of good statistical
quality (Eq. 5 and Fig. 2¢):

log Dfj = —0.97 - log D3
+ 313 - 1og(0.02 - 10°:P% + 1)+ 1.95 (5)

{
"7&“‘»
A

Fig. 1. Postulated interfacial position of higher N-alkyl homologues.
The conformer represented here is one of lowest energy as calculated
by Quenched Molecular Dynamics in vacuo.
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Fig. 2. Compared lipophilicities of compounds 1-7. (A) Relation
between partition coefficients of neutral and cationic forms (log PN
and log P, respectively) in the octanol/water system. (B) Relation
between partition coefficients of neutral and cationic forms (log PN
and log P€, respectively) in the liposomes/water system. (C) Bilinear
relation between log D7 in octanol/water and liposomes/water.

n=7r>=092s=0.15

For the larger compounds (5-7), the positive slope of the bilinear
regression (Fig. 2c¢) indicates that the two log D values increase
together. This implies that hydrophobicity should be the major
intermolecular force governing the partitioning of compounds
5-7 in the two systems (5). In contrast, the negative slope
observed for the smaller (p-methylbenzyl)-alkylamines (1-3)
(Fig. 2¢) can only mean that ionic forces control their parti-
tioning in the liposomes/water system. The low log D3 and
log D} values of 4 indicate that for this compound both ionic
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and hydrophobic interactions are weak, hence its low affinity
for liposomes.

The above interpretation is per force a preliminary one
since the pH-metric method does not yields univocal evidence
about the origin of pK, shifts induced by liposomes (interfacial
electrostatic field effect and/or hydrophobic anchoring). Inde-
pendent methods must thus be used to obtain corroborative
evidence.

T, NMR Results and Their Correlation with Lipophilicity

Table 3 reports the slopes of the linear regressions obtained
by plotting the observed line width (in Hz) of the benzylic

5.0

4.5+

4.0+

3.54 .

log PNh-p

3.0 ¢ e

2.54

2.0 T

w

3.0

2549

2.0

log P,

0.25

0.004

-0.254

15
log D" 7jp

-0.504

-0.75 T Y T T T
150 175 200 225 250 275 3.00

log NMR slope

Fig. 3. Relation between lipophilicity of compounds 1-7 and other
properties. (A) Variation of log P}‘i',, with the number of methylene
groups (n). (B) Variation of log Pf;, with the number of methylene
groups (n). (C) Linear regression between log NMR slope and lipophil-
icity parameters in the liposomes/water system.

1411

Table 3. Slopes and Statistical Parameters of the Linear Regression
Obtained by Plotting the Observed Line Widths as the Dependent
Variable and Liposomes Concentrations as the Independent Variable®

N? slope® S.D. 2 F
1 6 1.07 0.05 0.99 489.8
2 5 0.79 0.07 0.98 126.6
3 6 0.70 0.10 0.90 46.4
4 6 0.25 0.04 0.92 344
5 6 0.27 0.04 0.92 43.5
6 6 (.90 0.12 0.94 59.8
7 6 1.42 0.16 0.95 79.6

“ Phospholipids/solute concentration ratio (see text for details) varied
from 0.03 to 0.14.

» Number of experiments with different phospholipid/solute ratios.

“ Slope obtained by plotting the observed Avy,, (in Hz) versus lipo-
somes concentration (in mg/ml).

methylene group as the dependent variable and liposome con-
centration (in mg - ml™!) as the independent variable. These
results were obtained at pD 7.5 and thus express mainly the
contribution of the cationic forms of compounds 1-7. Interest-
ingly the variation in the degree of interaction as a function of
increasing chain length is not monodirectional. Indeed, the slope
is large for 1, decreases to reach a minimum for 4, and increases
up to compound 7.

Log D’ values (Tables | and 2) were used to examine
the relation between the lipophilicity parameters of compounds
1-7 and the NMR slope of their methylene group as measured
at a pD of 7.5. A bilinear relation was apparent between log
D and log NMR slope (not shown). In the case of log D},
a highly significant linear relation was found with log NMR
slope (Eq. 6 and Fig. 3c):

log NMR slope = 0.73(+ 0.21) - log D} — 1.84(= 0.47) ©
n=71=093s=009F=72

Despite differences in the experimental conditions, this result
is taken as an independent and compelling confirmation of the
log D values measured in the liposomes/water system by the
pH-metric method.

Figure 4 shows the remarkable line broadening of the
—CH,— signal of compound 2 taken as example, compared to
that of the —CH; group, in the presence of increasing concentra-
tions of liposomes. The line broadening of the —CH; group
was modest in all solutes, the corresponding slope ranging from
0 to 0.20 (results not shown). As already observed by Seydel
(10), the charged amino group is likely to be the primary anchor
in solute-liposome interactions. This is in line with the present
observation that the signal of the —CH,— group undergoes
much larger line broadening than that of the —CHj; group, the
former being closer to the anchoring group than the second
and hence having its mobility much more decreased by the
interaction with liposomes.

When the alkyl chain of (p-methylbenzylyalkylamines is
long enough (n > 4), it can be expected to elicit additional
hydrophobic interactions with liposomes. This however cannot
be seen in the NMR spectra of MBBAS since no isolated spin
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Fig. 4. Comparison beiween the peak broadening of the —CH, and
—CHj protons in compound 2.

system other than the benzylic methylene is present which
would be sensitive to hydrophobic interactions only.

Mechanisms of Interaction Between (p-Methylbenzyl)-
alkylamines and Liposomes

The bilinear trends shown in Fig. 2b and 2c¢ indicate that
the length of the N-alkyl group critically influences the mode
of interaction of ( p-methylbenzyl)alkylamines with liposomes.
In agreement with the conformational results reported above,
and as suggested by others (10), it appears that, for an N-alkyl
group in excess of 4 methylene groups (n > 4), both the neutral
and cationic form of (p-methylbenzyl)alkylamines assume
folded conformations whose partitioning is controlled by strong
hydrophobic anchoring into the phospholipids.

For shorter N-alkyl homologues (n < 4) where such strong
hydrophobic anchoring is not possible, a more superficial con-
tact with dominating electrostatic forces must occur: ionic bonds
for cations, and hydrogen bonds plus van de Waals forces for
neutral molecules. This model is compatible with the results
in Fig. 3a and 3b. Indeed, the interaction of cations with lipo-
somes must involve the superficial phosphate groups and should
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decrease with increasing steric bulk at the ammonium group, as
seen in Fig. 3b when the side-chain grows from N-methyl to N-
propyl. For the neutral forms, a partial penetration into liposomes
is necessary to interact with carbonyl moieties by H-bonds (and
perhaps other dipole-dipole forces), explaining a constant lipo-
philicity of the N-methyl to N-propyl homologues (Fig. 3a).

To summarize, three types of intermolecular forces are
postulated to control the interaction of ( p-methylbenzylalky-
famines with liposomes: a) an interfacial ionic bond between
the ammonium and phosphate groups; b) partly internal H-
bonds between the N-H groups of the neutral forms and carbonyl
moieties; and c) internal hydrophobic interactions between the
hydrocarbon groups in solutes and phospholipids. All three (for
the cations) or two (for the neutral solutes) types of interactions
will occur simultaneously, but their relative contribution will
differ depending on the length of the N-alkyl group.

This balance of forces allows the (p-methylbenzyl)alkylam-
inesexamined here to be grouped into four classes (Table 4) based
on their modes of interaction with zwitterionic liposomes: the
cationic form of compounds 1-4 (class 1), their neutral forms
(class 3), the cationic form of compounds 5-7 (class 2), and their
neutral form (class 4). However, a more precise assignment of
relative contributions was not possible since, as discussed above,
noexperimental techniqueis able todiscriminate the relative con-
tributions of ionic and hydrophobic forces.

CONCLUSIONS

Homologous amphiphilic ( p-methylbenzyl)alkylamines
were examined here for their lipophilic behavior in isotropic
(octanol/water) and anisotropic (liposomes/water) systems. The
solutes with very long N-alkyl groups (N-octyl and beyond)
displayed surfactant properties that prevented reliable measure-
ments of their lipophilicity. For the N-methyl to N-heptyl homo-
logues, insights into their mechanisms of interaction with
zwitterionic liposomes were obtained for the neutral and cat-
ionic forms. A biologically meaningful result is that, in
liposomes/water as contrasted to octanol/water systems, little
difference exists between the log P of the protonated and neutral
form of a given amine. The difference is particularly modest
for the shorter homologues in the series. The pharmacokinetic
implications of such finding are obvious, given that biomem-
branes are anisotropic organic phases.
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