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Protonation and deprotonation of the primary amino acid group of phosphatidylethanolamine, and of the
lipid phosphate groups of phosphatidylethanolamine with phosphatidylcholine, have been observed directly
and isothermally in equimolar mixed fluid bilayers of the two phospholipids. In addition, the acid-base
titration of the secondary amino group of the local anaesthetic, tetracaine, whilst partitioned into the
bilayers, has also been determined. Here we show how studies by deuterium nuclear magnetic resonance of
non-perturbing deuterons, specifically placed at the membrane polar-apolar interface, can give direct
information about the electrostatics at a membrane surface.

Cellular stability is determined at the plasma
membrane surface by steric and electrostatic inter-
actions, the latter being responsible for peripheral
protein binding [1], specific integral protein inter-
actions with lipids [2], cellular adhesion [3] and
the physical state of the hydrophobic core of a
membrane [4,5]. In addition, nerve impulse trans-
mission and lateral communication are thought to
occur along membrane surfaces through electro-
static mechanisms [6]. The surface of biological
membranes are, however, very heterogeneous and
contain a range of chemical groups which can
exist in different states of ionization determined
either by counter ions in the bulk extracellular
phase or by direct molecular associations, for ex-

Abbreviations: DMPE, 1,2-dimyristoylphosphatidylethanola-
mine; DMPC, 1,2-dimyristoylphosphatidylcholine; TTC, tetra-
caine; NMR, nuclear magnetic resonance; AVQ, quadrupole
splitting; pK,, apparent dissociation constant; K, partition
coefficient.
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ample between a basic amino acid side-chain and
an anionic phospholipid [7]. Thus, the red cell has
a rather high average surface charge density of 6.3
e/nm’ at pH 7.4 which because of the three-di-
mensional structure of the cell surface, is consider-
able higher than the zeta potential of 0.09 e/nm’
determined by electrophoretic mobility measure-
ments [8].

Considerable effort, therefore, has been de-
voted to understanding membrane electrostatics
[9]. The practical information required for such
discussions has usually come from studies on
single, one-component phospholipid model mem-
branes whose thermally induced ordered-dis-
ordered phase transitions depend upon their
surface charge [3-5,10]. Here we demonstrate the
potential for studying isothermally the ionization
state of membrane components in heterogeneous
fluid bilayer membranes by observing the nuclear
magnetic resonance spectra from non-perturbing
deuterons incorporated into specific positions in
phospholipids such that they probe the membrane
bilayer surface directly.
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The bilayer forming phospholipid, 1,2-dimyr-
istoylphosphatidyl ethanolamine (DMPE), has
been specifically deuterated in the a-CH, and
B-CH, groups of the polar head group (Fig. 1). In
mixed bilayers with 1,2-dimyristoylphosphatidyl-
choline (DMPC), only the DMPE was deuterated
and in this way the effect of one lipid on the other
can be observed [11,12]. Fig. 1 shows typical *H-
NMR spectra in which the distance between the
spectral maxima is the quadrupole splitting, Ax,,
which is determined by both the amplitude and
conformation of the C2H-bound in the polar lipid
head group [11-13]. The measured values of Ay,
are rather small, being less than about 10% of the
possible maximum of 127 kHz for methylene
groups [14], but the lines are narrow, well defined
and small changes can be measured relatively ac-
curately to within + 50 Hz.

In Figs. 2 and 3a, are shown the values of Ay,
for the a- and B-deuterons in fluid DMPE-d,/
DMPC bilayers in which DMPE and DMPC are
ideally mixed in an equimolar ratio. Values of Ay,
for the a-C?H,-group do not vary significantly
above pH 4.0, which is in contrast to the values
for the B-C>H ,-group of the same phospholipid
type. The changes in the quadrupole splittings for
the 8-C*H,-group of DMPE-d, to the acid-base
dissociation of its primary amino group reflect an
apparent dissociation constant, pK,, of about 9.6,
which is lower than the value of 11.0 for pure
DMPE bilayers measured from phase transition
determinations using fluorescent probes [5]. This
difference may be due to the presence of DMPC
or alternatively to inherent differences in the ex-
perimental methods. Similarly under acidic condi-
tions, although the values of Az, for the 8-C*H,-
group are unchanged (Fig. 3), those measured for
the a-C*H,-group (Fig. 2) decrease significantly
as the lipid phosphate groups of both lipids are
protonated giving an average pK, of somewhat
less than 3.5 A complete titration for the phos-
phate group was not achieved since some morpho-
logical change in the sample from its appearance
was seen to take place. Since each of the sets of
values of Ay, for the two groups vary indepen-
dently of each other, such changes are clearly due
to the bulk pH and were not caused by motional
averaging of the quadrupole splittings by small
vesicle rotation [15]. The 3'P-NMR spectra for all
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Fig. 1. ’H-NMR spectra at 46.02 MHz, 57°C and pH 7.8 of
fully hydrated mixed bilayers of 1,2-dimyristoylphosphatidyl-
ethanolamine (DMPE-d,) and 1,2-dimyristoylphosphati-
dylcholine (DMPC) in an equimolar ratio in which the
ethanolamine polar head group contains deuterons: -O-

« B

P(Oz)'-O-CZHZ-CZHZ-I:IH 5 in the absence (a) and presence
(b) of 25 mol% tetracaine with respect to phospholipid showing
how the quadrupole splitting, A, is determined for the
a-C?H, (larger splitting) and B-C2H,-group of the
ethanolamine group. DMPE-d, was synthesized by phos-
phorylating 1,2-dimyristoyl-sn-glycerol using phosphorus
oxychloride in the presence of per-deuterated ethanolamine
[11,12] (Merck, Canada). DMPC (Fluka) and DMPE-d, were
pure by thin-layer chromatography and less than 5% degrada-
tion of the lipids was observed after any NMR experiment,
which was for a maximum of 12 h with any one dispersion.
Tetracaine (TTC) was obtained from Sigma. The lipid mixtures
were produced by dissolving DMPC and DMPE-d,, in chloro-
form/methanol (2:1, v/v) before removing the solvent with
O,-free N, followed by placing the sample under vacuum for
at least 12 h. The dry lipid was dispersed to homogeneity in 0.4
ml of buffer, 0.1 M NaCl, 0.01 M NaH,PO,, 0.01 M EDTA
made with deuterium-depleted water (Aldrich), at a temper-
ature of 60°C, to give a final lipid concentration of 0.7 M. To
alter the pH of a dispersion, 1 M NaOH or 1 M HCI (in
deuterium-depleted water) was added in small amounts and
the pH measured electrometrically for each sample. For sam-
ples containing tetracaine, 10 mol% of the solid anaesthetic
was added to the phospholipid dispersion which was then
re-dispersed. Spectra were recorded using a Bruker WH-300
spectrometer using a 90° pulse of 29 us with a post-pulse
delay of 45 ps, relaxation delay of 120 ms and sweep width of
30 kHz. Each spectrum required 20000 scans.

samples (not shown) were characteristic for phos-
pholipid bilayers with a chemical shift anisotropy
of about 6 kHz, which is inbetween the quadru-
pole splittings measured for the two deuterated
groups.

Such highly specific sensitivity shown in the
changes in Ay, for the adjacent methylenes to the
phosphate groups of DMPC and DMPE, and the
amino group of DMPE as they are being titrated
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Fig. 2 (left). Variation of the quadrupole splittings for the a-C?H,-group of DMPE-d, for mixed DMPC/DMPE-d, bilayers from
spectra similar to those shown in Fig. 1 as a function of bulk pH in the absence for the control dispersion, and presence of 10 mol%
tetracaine (+ TTC). For the + TTC values of Av, above pH 5, curve fitting was performed to the general formula

Apg(observed) = ( Avg (acid) + Arg(base) X 10PH=PKD) /(14 10PH-PK))

using a VAX 11/780 computer, and the best fit was determined by the method of least squares to determine the apparent
dissociation constant, pK,, of the protonation-deprotonation of the aliphatic secondary amino group of tetracaine. A complete
titration of the phosphate groups of DMPE/DMPC bilayers or primary amino group of DMPE was not carried out.

Fig. 3 (right). Variation of the quadrupole splittings with bulk pH for the B-C2H ,-group of DMPE-d, in equimolar mixed bilayers
with DMPC from spectra similar to those shown in Fig. 1 in the absence and presence of 10 mol% tetracaine (TTC) (a). The control
sample in (a) shows the titration of the proton on the primary amino group of ethanolamine adjacent to the B-C?H, group to give a
pK, of about 9.6 whilst in the presence of tetracaine a second titration is observed. By subtracting the control titration curve in (a)
from the individual values of A, for the sample with tetracaine, the difference values were plotted in (b) and curve fitted as
described in Fig. 2 to obtain a pK, for the protonation-deprotonation of tetracaine of approximately 7.9.

separately, is surprising. The local sensitivity of detected simultaneously in the spectra from both
the deuterium spectra from labelled methylenes to labelled groups. We have, however, suggested
titration of adjacent ionizable groups is not caused earlier that the ethanolamine group of PE is rela-
by the chemical shielding effects as detected by tively restrained at the membrane surface [11], a

"H-NMR, these being small (typically less than a view supported by X-ray crystal data for phos-
100 Hz change in the Zeeman energy) and would pholipids [16].

affect the spectral density symmetrically. (De- Having determined directly the pK, of the
uterium has a nuclear spin, m; =1, and two spec- amino group of DMPE and phosphate groups of
tral lines are observed symmetrically about the DMPE and DMPC in mixed bilayers, the acid-base
chemical shift line position determined by the titration of the secondary amino group of the local
magnitude of Zeeman energy with the applied anaesthetic tetracaine was then investigated. The
magnetic field [14,17].) Therefore chemical shift partition coefficient, K, for tetracaine into phos-
changes do not alter the measured quadrupole pholipid bilayers varies depending upon the lipid
splitting itself. The quadrupole splitting changes type, temperature, bulk pH and ionic strength.
are most probably caused by orientational or mo- Values for K, between 660 (for egg PC bilayers at
tional changes of the methylene groups indepen- 30°C, pH 9.5 and in 0.1 M NaCl) and 4.1 (for egg
dently of each other. Any modification of hydro- PE bilayers at room temperature, pH 9.5 and in
gen bonding caused by an alteration in the ioniza- low salt) have been reported [18]. To determine
tion of the lipid head group might be expected to the pK, of tetracaine in phospholipid bilayers,
alter the orientation or amplitude of the motion of there may be variations in the absolute changes in

the whole group and therefore changes would be Av, due to changes in K, as the bulk pH is



varied; these changes may alter the measured pK,
of TTC.

A linear change in Ay, was observed for the
quadrupole splittings of each C*H,-group up to
total concentrations of tetracaine of 25 mol% of
the phospholipid at pH 7.0 in buffered saline of
0.1 M NaCl. A gradient of —36 Hz/mol% and
+24 Hz/mol% was measured for the a- and
B-C?H ,-groups, respectively, in mixed DMPE/
DMPC bilayers at 62°C. For the pH titration
experiments a tetracaine concentration of 10 mol%
with respect to the total phospholipid concentra-
tion was used which was 2.5% of the total volume
of the dispersion and close to the concentrations
of around 0.5-1.0% used clinically [19]. In Fig. 2
is shown the change in the values of Ay, for the
a-C?H, methylene when tetracaine was present in
the bilayer giving a pK, of about 8.1 for the
titration of the aliphatic amine, whereas in the
control experiment in the absence of tetracaine, no

change in Ay, for this group was measured over

this same pH range.

In Fig. 3 a similar pK, of 7.9 is determined for
the titration of the secondary amino group of
tetracaine was determined from measurements of
A, for the B-C?H,-group of DMPE, which also
senses the deprotonation-protonation of its own
primary amino group. The small difference of the
two independently determined values of pK, for
tetracaine are within experimental error and may
not be significant. Also the titration of the aromatic
amino group, with a pK, of 2.1 [20] is not ap-
proached in these present experiments. Both val-
ues of pK, for the aliphatic amino group of
tetracaine determined in this study are in the
range (7.5-8.47) determined in aqueous buffer
[20-22] and in the presence of detergent micelles
(8.26 [20]) and bilayers of phosphatidylcholine
(between pH 5.5 and 9.0 [18] and at pH 7.5 [21]
from NMR studies of the anaesthetic itself). It is
possible, however, that the different pK, values
measured here in Figs. 2 and 3, are due to reposi-
tioning of tetracaine in the bilayer during its titra-
tion [20,23] or to reorientations of the lipid dipoles
within the membrane double layer. Any reposi-
tioning, if it happens, must take place quickly
(faster than 10° times per second) since single,
well resolved NMR spectra are recorded with no
evidence for lateral phase separation of tetracaine-
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lipid complexes. The results suggest that tetra-
caine can perturb the conformation/amplitude of
the entire polar head group of membrane lipids
with the secondary amino group being close to
both methylene segments of the DMPE head
group. From studies with other deuterated lipid
types (data not shown) there appears to be no
specific association of tetracaine with any of the
major classes of bilayer forming phospholipids.

From the work described here, it may well now
be possible to investigate the ionization state of
chemical groups in a variety of large biological
macromolecules which normally give unresolved
spectra by '"H-NMR, this being a common tech-
nique for determining such information. Deu-
terons have been successfully incorporated into
globular and membrane proteins, the sugars of
glycoproteins, membrane soluble lipophiles as well
as phospholipids, and studied by NMR and neu-
tron diffraction to give structural and dynamic
information about these components. Now *H-
NMR may be additionally useful for such labelled
molecules in giving directly electrostatic informa-
tion, and for membrane associated macromole-
cules, when they are actually embedded in the
membrane itself.

We wish to thank the Oxford Enzyme group for
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for a Research Studentship to T.W.P. and Chris
Dempsey, Michael Edenborough, Jit Hayer and
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