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Permeability of alkylamines across phosphatidylcholine vesicles as studied by
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The exchange rate and enthalpy and entropy of activation of the diffusion of the first five n-alkylamines
across egg phosphatidylcholine vesicles has been measured by 'H-NMR spectroscopy employing the 1:2
Gd>*-EDTA complex as a relaxation reagent. The permeability determined from the exchange rate of the
ethyl through the pentyl derivatives increased sequentially with increasing chain length from 7107 to
4+10 4 cm /s, respectively, at 25°C. The permeability of methylamine was similar to that of ethylamine
(1-10 7% cm /s at 25°C) and exhibited a relatively smaller entropy increase. The enthalpy of activation for
the transfer reaction was high for all amine derivatives (20 kcal /mol). The entropy of activation increased
with increasing chain length. The results indicate that the rate of diffusion is dominated by the partition into
the membrane. Methylamine, being the smallest molecule in this series, can probably diffuse also through
vacancies formed by the internal motions of the lipid chains.

Introduction

Amines have been extensively used as probes
for measuring either pH gradients across mem-
branes [1-4] or surface charge of membranes [5,6].
In both cases, the diffusional permeability of the
amine molecule dictates its employment. The func-
tion of biogenic amine derivatives such as the
catecholamines and the polyamines may involve
transfer through membranal barriers. There are no
systematic data on amine diffusional permeability
across artificial or natural membranes. In here, we
present data on the kinetics of transfer of the first
five homologs of the n-alkylamines across phos-
phatidylcholine vesicles. Studies of an ascending
homologous series of permeants under the same
conditions provide information on the various fac-
tors determining the transfer mechanism. Kinetic
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measurements were performed by employing 'H-
NMR spectroscopy, extending a previous devel-
oped methodology [7] to amine molecules.

Materials and Methods

Vesicles were prepared from pure egg phos-
phatidylcholine (Makor). All chemicals were of
analytical grade and were used without further
purification.

Vesicle preparation. 150 mg dried lipid was dis-
persed in 3 ml aqueous solution that comprised of
50 mM GdCl,/100 mM disodium EDTA. This
suspension was sonicated under nitrogen with a
W-375 Heat Systems Sonicator in an ice-bath for
20 min. The crude vesicle suspension was centri-
fuged for 30 min at 40000 X g at 4°C and the
middle zone was removed for dialysis. The vesicles
were then dialyzed for 4-12 h twice against 21 ml
of 250 mM NacCl and twice against 20 ml of 250
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mM NaCl in ?H,0. The alkylamine was added to
the dialyzed vesicle suspension at concentrations
ranging between 0.3 to 0.5 M. A final adjustment
of the acidity was performed prior to the NMR
measurements using 2HCl and NaO2?H. Phos-
pholipid concentrations were determined by mea-
suring the phosphate content of ashed aliquots.

Control solutions. Aqueous solutions containing
the same concentrations of GdCl; and EDTA as
in the initial lipid suspensions were dialyzed
simultaneously with the vesicles. The addition of
alkylamine and the adjustment of the pH were
performed in the same manner as in the vesicle
preparations. The final compositions of these solu-
tions were approximately the same as those of the
extravesicular media in the corresponding vesicle
suspensions.

NMR measurements were performed on a
Bruker WH-270 pulsed-FT spectrometer. Longitu-
dinal relaxation rates were determined by the in-
version recovery method.

Results

Relaxation reagent for alkylamines

The EDTA chelates of the trivalent lanthanides
form ion pairs with alkylammonium ions, thereby
inducing a shift and enhancing the relaxation rate
of the amine’s protons [8]. Titration studies with
EDTA at a constant concentration of lanthanide
ions (Dy** or Gd*") and at a constant and excess
methylamine concentration indicated that a maxi-
mal shift or a maximal enhancement in linewidth
(84w, ;) is induced by the 1:2 lanthanide: EDTA
chelate (Fig. 1). The T, and 7, relaxation rates (7,
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Fig. 1. The change in the linewidth of the methy! protons of
methylamine (0.25 M) as a function of EDTA concentration, in
the presence of 13.75 mM GdCl, (p*H=7.1). The arrow
indicates the equivalence point for the formation of the methyl-
amine-Gd>*-2EDTA complex.

= (74, ,,)"") of all the protons of the higher
amine homologs were enhanced by interacting with
the Gd:2EDTA complex. A maximal enhance-
ment was exerted on the a-methylene protons. For
example, the (7;)~ "' of the a-methylene protons
and fS-methyl protons of 0.5 M ethylamine was
enhanced in the presence of 11 mM Gd-2EDTA
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Fig. 2. 270 MHz 'H spectra of n-propylamine (A) added to a
suspension of phosphatidylcholine vesicles; (B) in a suspension
of vesicles with entrapped Gd-2EDTA (50 mM); (C) in a
control solution of (B). A, 0.25 M n-propylamine; B and C, 0.5
M n-propylamine. The vesicle suspension and the correspond-
ing control solution were prepared as described in Materials
and Methods. p?H = 6.7.



(pH 7.1, 25°C) by a factor of 590 and 230, respec-
tively.

The enhancement in the relaxation rates of the
amine protons by the 1:2 chelates increased with
increasing pH, similar to what has been observed
previously for the 1:1 chelates [8,9].

. It is important to note that egg phosphati-
dylcholine vesicles are impermeable to the EDTA
chelates of the trivalent lanthanides [7,9]. This
permits the use of these chelates as shift and
relaxation reagents in NMR permeability studies.

Permeability of alkylamine
A typical 'H spectrum of a vesicle suspension
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Fig. 3. Temperature dependence of T; relaxation rate of the
a-protons of methylamine (A) and n-propylamine (B) in a
suspension of egg phosphatidylcholine vesicles. The vesicles
contained entrapped Gd-2EDTA and were prepared as de-
scribed in Materials and Methods. The full curve is a best
computer fit to Eqn. 1. The upper and lower dashed lines
present the extrapolated curves from which the relaxation
without exchange in the intra- and extravesicular media were
determined.
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containing an alkylamine is shown in Fig. 2A. The
features of the membranal signals are not affected
by the addition of the amine. The signal due to the
methylene protons is well separated from the
membranal signals and can therefore be studied
directly.

The T, relaxation rate of the a-methylene pro-
tons of the amine in a vesicle suspension con-
taining entrapped relaxation reagent was faster
than that in the corresponding control solution
(see example in Fig. 2B and C). Such a difference
is expected if the exchange rate across the vesicles
contributes to the measured relaxation rate. This
was confirmed by studying the temperature depen-
dence of the T; relaxation rate of the a-methylene
protons in vesicle suspensions and in solutions
that mimic the composition of the intra- and ex-
travesicular (control) media (Figs. 3 and 4).

The temperature dependence of the T; relaxa-
tion rate of the a-methylene protons exhibits in
the vesicle suspensions three regions (Fig. 3): (i)
slow exchange at low temperatures, (ii) kinetic
region where the exchange rate is of the same
order of magnitude as the nuclear relaxation rate
and (iii) fast exchange at high temperatures where
the measured relaxation rate is the weighted aver-
age of the relaxation at each environment. Since
the fraction of the intravesicular fast-relaxing
amine protons is small (5%), 7, ' can be ap-
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Fig. 4. Temperature dependence of T, relaxation rate of the
a-methylene protons of n-propylamine. (A) In a solution com-
prising of 0.5 M n-propylamine/50 mM Gd-2EDTA, p’H =
6.7; (B) in a control solution with a composition as in Fig. 2C.
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TABLE 1

THE KINETIC AND THERMODYNAMIC PARAMETERS FOR AMINE TRANSFER ACROSS PHOSPHATIDYLCHOLINE

VESICLES AT 25°C

Amine p’H Exchange rate Permeability AHY Ast
A/ s7h coefficient, P (kcal /mol) (cal /(mol - deg))
(cm-s™ ) x 10%)
Methyl 6.7 46+ 0.5 1.0 18+2 23+ 7
Ethyl 6.7 34+ 0S5 0.7 2142 32+ 7
Propyl 6.7 200+ 4 43 2042 3+ 7
Butyl 6.7 2400+ 30 52 2042 38+ 7
Pentyl 6.7 1850.0 + 200 400 2143 45413
Ethyl 8.9 3000+ 50 65
proximated by [10]: Analysis of the results assuming an Arrhenius
behavior and using a nonlinear least-squares fit of
. Y the data yielded the mean intravesicular lifetime
T = (T7) '+ = (T + 1) ) ; y .
F (7') and the enthalpy and entropy of activation

where e and i designate extra- and intravesicular
protons, respectively. F, the fraction of amine
molecules in each environment was determined
from the fractional volume [10]. 7¢ and T}, the
relaxation times without, exchange, were de-
termined by extrapolation of the slopes at the slow
and fast exchange, respectively (Ref. 10, Fig. 3).

Temp. °C

: 7 7
5000 7I'8 49]5 i?o‘ l% 2 .
penty

propy!

Lol

methyt butyl

ul

Ll

.

| 1 1 L 1
29 31 33 35 37

103/7, K-

Fig. 5. Arrhenius plots of the rate of exchange of the first five
n-alkyl homologs across egg phosphatidylcholine vesicles.

(Fig. 5, Table I). Permeability coefficients (Table
I) were calculated as previously described [10].

Discussion

A general mechanism for the diffusion of non-
electrolytes across membranes is provided by the
solubility / diffusion model of Diamond et al. [11].
In the limiting case, the membrane is assumed to
be homogeneous and symmetrical. The membrane
resistance to permeation of the solute (1/P) is
then the sum of the two interfacial resistances (r)
and the diffusional resistance of the membrane
interior:

1/P=2r+ X, /KD 2

where K is the solute partition coefficient into the
membrane, D the diffusion coefficient and X, the
membrane thickness. For the five amines studied,
the interfacial resistance exerted on the amine
group should be approximately the same at the
same pH (their ammonium ion dissociation con-
stant is similar: 2 - 10~ "), the interfacial resistance
exerted on the alkyl part should increase with
increasing chain length and the diffusion coeffi-
cient should decrease with increasing chain length.
Thus, changes in the interfacial resistance and the
diffusion coefficient in the ascending amine series
should lead to a reduction in the permeability.



However, the observed large increase in the per-
meability with increasing chain length indicates
that the transfer is dominated by the partition into
the membrane.

It is reasonable to assume that only the neutral
amine is actually partitioned into the membrane,
and the apparent equilibrium partition coefficient
is therefore:

- [RNHZ]m -
[RNH, +RNHT ],

(RNH, |,

[RNHZ]W(1+ '[HTL—])

(3)

where m and w designate the membrane and water
phase, respectively. For K, <[H™], the partition
coefficient and therefore the permeability, should
be inversely proportional to the acidity of the
water solution. This has been shown to occur by
measuring the exchange rate of ethylamine at pH
6.7 and 8.9 (Table I).

The permeability of methylamine, the smallest
molecule in this series does not follow the general
trend observed from ethyl to pentyl amine (Fig. 1,
Table I). This distinct behavior of the smallest
molecule in a homologous series was previously
detected for methanol transfer across toad urinary
bladder [12] and for amide transfer across red
blood cells [13] and lipid vesicles [14,15]. The
faster transfer of the small molecules suggest that
for these molecules the membrane does not act as
a barrier only by virtue of its partitioning proper-
ties, but also by its size-sieving properties. For
example, the small molecules can jump through
vacancies formed in the membrane by the internal
motions such as the kinks. A similar mechanism
was previously proposed for water diffusion across
lipid membranes [16]. The smaller increase in the
entropy for methylamine transfer (Table I) serves
as an additional indication that this molecule per-
turbs the least the state of order of the hydro-
carbon chains.

The enthalpy of activation for the transfer of
the alkylamine was found to be high, 20 kcal / mol,
and similar for all derivatives studied (Table I).
This indicates that the enthalpy changes are mainly
due to the energy involved in the dehydration of
the amine moiety and its solubilization in the lipid
phase. A similar behavior was observed for the
transfer of n-alkylamides in lipid liposomes [17]
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although the activation energy was much lower.
High activation enthalpies were determined for the
transfer of alcohols across toad bladder [12] and of
amides across human red blood cells [18]. In the
latter transfers, the activation enthalpy increased
with increasing chain length [12,18].

The increase in the permeability with increasing
chain length is mainly due to the change in the
entropy term 7-AS* of 1.2 kcal/mol per -CH,-.
A similar behavior with a larger positive incremen-
tal entropy change was observed in the biological
membranes mentioned above [19]. However, a
negative incremental entropy change was de-
termined for the partition in dimyristoylphosphati-
dylcholine liposomes [19,20]. The differences in
the mode of diffusion reflect the variability in the
composition, structure and order of the various
systems studied. The egg phosphatidylcholine bi-
layer vesicles used in our study seem to present an
adequate model system for studying diffusion
across lipid membranes ordered in the liquid crys-
talline phase.
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