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Consideration of the interfacial protonatior equilibria of membrane-associated amphiphiles indicates that the
partition coefficients of the protonated and unprotonated species will differ considerably. The partition coefficients
of the charged and uncharged forms of spin-labelled myristic acid in dimyristoylphesphatidyicholine bilayer
dispersions have been measured oy EPR snectroscony snd found to be approximately 140-fold higher for the
protonated acid than for the dissociated salt form, This ratio of partition coefficients is found to be in good
agreement with thai predicted from ske interfacinl shift in pK, of the fatty acid on its partitioning inte the
membrane. The latier was determined from the changes in the EPR spectra of the membrane-associated fatty acid
with pH and was found to be +2.1 pH units. The interfacial shifts in pX, for a series of spin-labclled analogues of
tertiary amine local anaesthetics have been determined frem she pH dependence of the partition coefficients in
dimyristoylphosphatidylcholisie bilayer dispersions and are found mostly to be in the range of approx, —LGto —1.5

pH units, corresponding to a 10- to 30-fold higher partition coefficient of the uncharged base compared with ihat of
the charged amnianium form.

Intreduction controlied by the same thermodynamic factors as those

for the interfacial ionization ecuilibiia, the two are

The ionization state of membranc-associated local

anaesthetics will affect both their transmembrane
transport [1] ard their physiological activity [2,3), The
membrane concentrations of locat anaesthetic, which
also determine uctivity, are additionally specified by
the partiticn coefficients of the protonated and dissoci-
ated forms {4,5]. Since the diffcrences in partitioning
equilibria for the charged and uncharged species are
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expected to be directly related. It is the purpose of this
paper 1o demonstrate unambigucusly that such a rela-
tion does hold for one particular class or iocai anaes-
thetic molecules and hence to dernonstrate the general-
ity of these principles for local anaesthetic-menibrane
interactions.

Interfacial ionization equilibria have been analysed
in detail by Fernindez and Fromherz [6]. The pK, of
any protonatable group at 2 membrane interface, pKi,
will differ from the iiicinsic value, pKY, for the am-
phiphile ir water because of thermodynamic differ-
ences in the ionization equilibria at the two locations.
For charged membranes, an additional shift in pK,
arises because the interfacial proton coacentration is
different from that in the bulk aqueous phase. In
general, the intcrfacial pK, 15 given by {7):

pK:=pK?+ ApKS £]4pK | M

where ApKH = —e®/(InlG-&T) is the electrostatic
shift which is determined by the surface potential, @,



of the membrane. The polarity-induced shift, 2pKM,
accounts for the intrinsic difference in ionization equi-
libria and takes the positive sign for dissociation of a
molecular acid (HA=H* + A7) and the negaiive sign
for the dissociation of a cationic acid (HB*:= H*+ B),
since the polarity at the interface is lowe - than that in
bulk water. This shift has been related :%eoretically to
thc hydration of the amphiphile at the interface {/].
Interfacial shifts in pK, also have been demonstrated
experimentally by direct determination of the pK, for
tetracaine bound to micelles [8]. In general, the pK, of
the membrane-associated local anauesthetic wili differ
by one pH unit or more from that in bulk water.

The connection between the difference in partition-
ing of the charged and uncharged species and the shift
in pK, on assoclation with the membrane hus been
taken into accouni in the analysis of several studies on
the pH dependence of the membrane partitioning. of
local anacsthetic molecules {9-11]. The effects of such
shifts on the apparemt pK, as deduced solely from
partitioning data, with tie consequence that this quan-
tity is dependent on the membrane concentratior, have
also been emphasized [12]. In certain cases, the results
of such studies have becn equivocal in that shifts in
pK, have been detected for certain local anaesthetics
but not for others [10). This result is unexpected in
view of the quite general nature of the considerations
concerniing interfacial ionization equilibria that are
given above. A direct, critical demonstration of the
connection between the difference in partition coeffi-
cients and the interfacial shift in pX, has so far been
lacking.

Fatty acids are known tc have a local anaesthetic
function as non-cumpetiiive blockers of the acetyl-
choline receptor ioit channel [13,14). A spin-labelled
fatty acid derivative has also been demonstrated to
have local anaesthetic activity [15]. In the present work
we have determined the partition coefficients of the
charged and uncharged forms of a spin-labelled fatty
acid at low concentrations in neutral bilayer model
membranes. The interfacial pK, of the membrane-as-
sociated form of this molecule has also been detci-
mined directly from the electron paramagnetic reso-
nance (EPR) spectra. The 140-fold greater partition
coefficient found for the uncharged form of the fatty
acid compared with the dissociated form correlates
quantitatively with the iarge upward shift cbser«ed in
the 5K, of the fatty acid on associatior with the
membrane. Additionally, the interfacial shifts in pX,
of spin-labelled analogues of tertiary amine local
anaesthetics, which are known to associate with acetyl-
choline receptor-rich membranes [16] 2nd to have local
anaesthetic potency [17), have been determined from
the pH dependence of the partitioning. The shiits in
pK, are all found to be similar o those expected from
the lower polarity at the membrane surface.
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Materials ang victhods

Dimyristowlphosshiatidyicholine {DMPC) was cb-
tained from Yluka (Buchs, Switzerland). Spin-labelled
myristic acids (n-MASL) were synthesized according ic
the ricthods of Hubbzil and McConnell [18]. The spin-
labelle¢ local anaesthetic analogues (sce Fig. 1) were
synihesized as described in Hideg et al. [19] or by
analogous methods,

For sample preparation, 0.5 mol¢s of the spin-
labelled analogue was codissolved with the required
amounit of DMPC in dichlorometi-: ne. The solution
was dried in a water bath at 45°C for 15 min and then
under vacuum overnight. The dry 'ipid filin was hy-
drated in 50 | of 10 raM buifer, dispersed at 45°C by
vortex mixing and then bath som.cated for [0 min.
Buifers used were acetate {(pH < 5), phosphate (5 < pH
= &) and borate {pH > 3), and all contained 0.1 MM
ETTA. The pH of the dispersion was then measured
anu a 10 ul aliquot transferred to a 1 mm od. glass
capillary for EPR measurement. Where requircd, the
lipid concentrations were checked by phosphate analy-
sis [26).

EPR spectra were recorded on a Varian E-Line 9
GHz spectrometer equipped with nitrogen gas flow
lemperatuse regulation. Sample capillaries were ac-
commodated in standard 4 mm quartz EPR tubes
which contained light silicone oii for thermal stability,
Temperature was measurced with a fine-wire thermo-
couple positioned within the silicone oil at the top of
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-the microwave cavity. Data were collected on an 1BM
PC computer interfaced to the spectrometer. Spectral

subtractions were performed digitally as described in
Ref. 20.

Theoretical background

The protonation equilibria of an amphiphile which
partitior:s between the aqueous and membrane phases
ave indicated schematically in Fig. 2. The intrinsic
acid-base dissociation constant of the amphiphile in
water is defined by:

K= [LJIH* I/ILH) (2)

where L and LH are the ungprotenated and protonated
forms, respectively, of the amphiphile in water, and
{H '} is the buik hydrogeu ion concentration in water.
The interfacial acid-base dissociation constant for the
amphiphile bound to the membrane is defined by:

Ki={L)H" 1/(LH] 3

where L; and L;H arc the unprotonated and proto-
nated forms, respectively, of the bound amphiphile. At
low concentrations of amphiphile, the partition coeffi-
cients of the unprotonated and protonated forms (K|
and K, ,,, respectively) are given by:

Ky =1L;)/10) @
and
Ky ={LH)/[LH) )

Because of the cydtical nature of the equilibria (Fig. 2),
the acid-hase dissociation constants are related to the
partition cocfficienis by (cf. Eqns, 2-5);

Ko/Ki= Ky /Ky, (6)
e
riva
L o———s LH
K, H pK; “ L

= LiH

Li =

uliussiis

Fig. 2. Proton ionization equilibria (dissociaticn constanis: X3, K1)

of a local anaesthetic, L. partitioning hetween the aqueous phase and

a membrane with partition coefficients: K and Kyyy. The index i

indicates =n interfucial localization of the protonatuble group i the
local unaesthetic.

Therefore the interfacial shift (4pK}) in pK, is given
by:

PK;—pKy = logig( K1y /X)) M

This latter equation itlustrates the fact that the ther-
modynamic factors giving rise to a pK, shift at the
interface inevitably resuit also in a difference in parti-
tioning between the protonated and unprotonated
forms of the amphiphile. For a typical value of the
interfacial polarity shift: |ApKM | =11 (67}, it is
predicied that the partition coefficient of the un-
charged form of the amphiphile will be approximately
i3-times greater than that of the charged furm, in
neutral membranes.

The experimentally measured partition coefficient,
in the case where both protonated and unprotonated
species are present, is given by:

K.p= (L) +[LHDAIL +[LH]D *
Combining Eqn. 8 with Eqns. 2, 3 and 5 then yieids:
Kop=Kp (I 14 K3 /(IH® 1+ K2) 4]

which describes the pH dependence of the experimen-
tally measured partition coetficient,

Results and Discussion

Membrane partitioning of spin-labelled fatty acids

The EPR spectra of the spin-labelled myristic acid,
10-MASL, in dispersions of DMPC bilayer model
membranes are given as a function of the membrane
(DMPC) concentration in Fig. 3. The spectra all consist
of two components: a sharp three-line component from
the spin labels tumbling rapidly in watey and a broad
anisotropic component from the spin labels interca-
lated in the membrane, As can bz seen from the figure,
the proportion of the membrane-associated component
increases progressively with the membrane concentra-
tion,

The relative proportions of the free and membrane-
bound fatty acid in Fig. 3 can be obtained by digital
subtrastion of a spectrum of the spin-labellcd fatty acid
aione in witer, followed by doubie integration of the
spectral components to determinge relative spin concen-
trations. i f, and fy, are the fractions of the total
spectral intensity in the lipid-bound and free compo-
nents, respectively, then:

.!|./fw-Kuu)FI'ri (|0)

where c; i3 the lipid concentration (in g/mD and T, is
the partial specific volume of the lipid. The depen-
dence of the ratio f; /fw on the lipid concentration is
given for dispersions at two different pH values in Fig,



Fig. 3. EPR spectra of the i0-MASL myristic acid spin label in
aqueous dispersions of DMPC bilayers at pH 9.0 and with different
DMPC concentrations, (a) 146 mg/mi DMPC; (b) 120 mg/ml DMPC;
{c) 100 mg/ml DMPC; (d) 81t mg/m! DMPC; (=) i) mg/m] DMPC;
{F) 40 mg/ml DMPC. T =15°C, total scan width = 100 gauss.

4. The linearity of the concentration dependence as
predicted by Eqn. 16 demonstrates that the fatty acid
establishes a partition equilibrium between the mem-
brane and agueous phases. At the Jow relative concen-
trations of fatty acid used in the present experiments,
electrostatic effects of the bound fatty acid may be
neglected.

Since the fatty acid will be fully protonated at pH
4.0 and fully dissociated at pH 9.0, the partition coeffi-
cients of the two protonation states can be determined.
From the linear regressions in Fig. 4 the (scaled) rarti-
tion coefficients are: KT, = 2570 ml/g (pH 4.0} and
K. D, =179 ml/g (pH 9.0}, i.. the partition coefficient
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Fig. 4. Dependence vn DMPC concentration of the ratio. f / fy, of
10-MASL miristic acid partitioning into DMPC 10 that in water, at
15°C, Data vz deduced fron speciral subtractions of ESR spectra
of the type shown in Fig. 3 and are given for two pH values of the
suspending buffer: {9} pH 4.0, (@) pH 9.0. The ieit-hand ordinate
corresponds to the Jata for pH 4.0 and the vight-hand ordinate to
the data for pH 9. The solid lines rewr=sent linear regressions of
the data yiclding the (scaled) purtition coefficientx: K,y = 2570
ml/g (pH 4.3 and K| F;~17.9 mi /g (pH 9.0) where T is the partial
specific volume of iDMPC, ci. Eyir. 10.
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Fig. 5. ESR spectra of the 6-MASL myrisiic acid spin label in DMPC

bilayers dispersed in buffers of different pH values. (a) pH 4.0: (b}

pH 5.0; (c) pH 6.0; (d) pH 6.5; {e) pH 7.1z () pH 7.5; (g) pH 8.0; (b}
pH 9.0, T = 417 C, total scan width = 11} guss.

of the uicharged fatty ucid is approximately 145-times
greater than that of the charged species. Mecasure-

nts on the 6-MASL derivative with the spin label
located at a different position in the fatty acid chain
yielded comparable data with a 13¢-fold difference in
the partition coefficients of the uncharged and charged
forms.

Interfacial ionization of membrane-bound ;arty acid

The ESR spectra of the spin-labelled rayristic acid,
6-MASL, in DMPC bilayer mode! membrar es are given
as a function of the pH of the suspending medium in
Fig. 5. Under the conditions of this expc<riment, the
spin-label esscntiaily is wholely bound to the mem-
brane. As found previously for spin-labelled stearic
acid in a different membrane system [21], the EPR
spectra in the titration region of the membranc-bound
fatty acid consist of two components. One component
has - smaller speciral anisctropy characteristic of the
protonated (uncharged) form of the fatty acic observed
at pH 4.6 (Fig. 54), and the other component has a
larger spectral anisotropy characteristic of the ionized
(charged) form of the fatty acid at pH 9.0 {Fig. 5h).

The relative proportions of the protonated and un-
protonated membrane-bound fatty acid in Fig. 5 can be
ohtained by digital subtraction of the spectra at the low
and high ol extremes from those in the titration
region. If [, is the fiaction of the total spect
intensity in the protonated componeni, then a conven-
tional pH titration gives:

fu=1/Q0 +K)/[B*]; (1)

The data for the pH dependence of f,, are given in
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Fig. 5. pH dependence of the Fraction, 1~ fy,, of unprotonated
6-MASL myristic acid deduced from spectral subtractions of the
ESR spectru showa in Fig 5. The solid line represents a non-lincar
least-squares fit of the duia 1o Eqn. 11 yielding a pK) =

Fig. 6 and a non-linear lcast-squares fit to Eqn. 11
yiclds a value of pK=16.9 for the interfacial pX, of
the 6-MASL myrlsnc acid. Since the intrinsic pK, of a
fatty acid in water is approximaicly vk, = 4.8-4.9 [22],
the interfacial pK, shift is: pK; — pK; O 2.0-2.1. The
positive sign of the shift is that expected for the disso-
ciation of a mclecular acid binding to ncutral mem-
branes [6]. The magnitude of the shift is greater than
the polarity-induced shifts in interfacial pK, that are
no:mally observed, |ApK™ | = 1.1 [6,7] because the
protonated fatly acid sinks deeper into the bilayer on
protonation, as evidenced by the considerably smaller
anisotropy in the EPR spectrum at low pH (see Fig. 5
and the discussion in Ref. 29).

The value of the interfacial shift in pK, predictzd
from the measured partition coefficients of the proto-
nated and unprotonated species by using Eqn. 7 is:
pK ;, —pkK*® =211 for 6-MASL and 2.16 for 10-MASL.
The agreement wiih the value that was measured di-
rectly demonstrates the validity of Eqn. 7 in describing
the partitioning and ionization equilibiia in am-
phiphile-membrane intcraciions. Clearly, the interfa-
cial shifts in pK, must be taken into account when
interpreting data on tie binding of local anaesthetics
to membranes. The data for fatly acids indicate that
these effects can be very appreciable and it is of
considerable interest to determine the magnitude of
the shifts for other local anaesthetic molecuics, particu-
larly those of the tertiary amine class.

PH dependence of the partitioning of spin-labelled locul
anaesthetics

The spin-labelled analogues of local anaesthetics
whose structurcs are given in Fig. i are anown to bind
to synaptic membranes [16]. The EPR spectra of these
spin-labelled analogues in DMPC bilaye::s were found
not to be sensitive to pH (data not shown) therefore
preziuding direct determination of the interfacial pK,
as was possible in the casc of tise spin-labelled fatiy
acid. However, since the principles are we!! established
by these latter measurements, the pH dependence of

the partitioning cbtained with the above methods can
he used to cstimate the shifts in pK,.

The EPR spectra of the different spin-labelled ivcal
anaesthetic anzlogues in DMPC bilayer dispersicns are
given in Fig. 7. As for the spin-labelled fatty acid, the
spectra arc clearly resolved into two components corre-
sponding to the free and membrane-associated species,
The ratios f, /fw 0f the membranc-bound to free
spin-labelled local anaesihetic analogues were deter-
mined from the EPR spectra as described above. These
zre given in Fig. 8 as a function of the pH of the
ruspending medium for the different local anaesthetic
unalogues. The nonprotonatable benzocaine analoguc,
1fl, showed very little pH dependence of partitioning
over the ranges for which a titration is found in Fig, 8,
confirming that the pH dependences in Fig. 8 corre-
spond to titration of the tertiary amine group of these
analogues. For the benzocaine analogue the (scaled}
partition coefficient was K ¥, = 4700 mi/g. The non-
linear least-squares fits of the partitioning data to Eqn.
9 (and 10) are given for the other analogues in Fig. 8.
The pH dependences are all reasonably well described
by this cquation and yicld the fitting parameters given
in Table 1.

The intrinsic pX = 8.3 obtained for the tetracaine
analogue, 1, agrees very well with values of pK) = 8.26

Fig. 7. ESR specira of the different spin-labelled local anaesthetic
analogues (cf, Fig. 1 in aqueous dispersions of DMPC bilayers at pH
100 and T = 15°C. (a} analogue I, [DMPC]= 150 mg/ml; (b) ana-
logue 11, [DMPCl= 150 mg/ml: (c) analogue 111, [DMPC]= 15
mg/ml; {d} analogue 1V, [DMPC)= 30 mg/ml; (¢) analogue V.,
{DMPC)= 15 mg/mk; (f) analogue VI, (DMPCl= 100 mg/ml; (5)
analogue V11, [IDMP() = 100 mg /ml, Total sean width = 190 gauss.
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Fig. 8. pH dep2ndence of the ratios, f /fw. of the differem
spin-labelled local anaesthetic analogues (of. Fig, 1) panitioning into
DMFC 1w those in water, at 15°C. (A) Analegue 1, [DMPC]= 150
mg/mi; (B) analogue (1, [DMPC]= 150 mg/ml; (C) analogue 1V,
{DMPC] = 30 mg/ml; (D) unalogue V, [DMPCl=15 mg/ml; (E)
analogue VI, [DMPC] = 106 mg/mi, {F} anatvgue Vii, [DMPC)= 100
mg,’rmi. Data are deduced from spectral subtractions of ESR spectra
such as those in Fig. 7. The solid lines represent non-linear least-
squares fits of the data 1o Eqn. 9 yielding the intrinsic and interfacial
pK,, values and the partition coefficienis given in Table 1.

[8] and 8.24 [23] tiat have been obiained directly for
tetracaine itself in aqueous solution. The intrinsic pK?
=89 obtained for the procaine-like analogue, 1I,
agrees well with the value of pK? = 8.9 for procaine
itself {24}, but not with the values for the other pro-
caine analogues, 1V and VII. Interestingly, however,
the values for p#} for the different pracaine anal.gues
are all rather similar.
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TABLE 1

Intrinsic and interfucial pK, vabees (pX5 and pK', recoectively) and
(sealed) partition coefficients 1K | 7 ,) of spin-labelled lo-al anaesthetic
malogres, L, partitioning into DMPC bilayers at 15°C

Data uve deduced from the non-tinear least-squares fits to Eqn. 9
that are presented in Fig, 8.

L ibMPC) pK LW Kiuly
{mg/mD (mi/g)

I ish 8.3 14 32

1 is0 LX) 72 6.5

v 30 18 7.0 10

v 15 LA YA 120

Vi 100 9.0 8.6 1]

i {11] 3 7.1 19

The interfacial pK, shifts of the different tertiary
amine local anaesthetic analogues are all negative, as
expected for the dissociation of a cationic acid binding
to neutra: membranes {b). The vaiuss for the different
analogues vary somewhat, but have a mean value taken
over all derivatives of ApK! = -0.95. This is of the
size expected for a polarity-induced shift where the
molecule, unlike the fatty acid, does aoi inove in the
membrane on protonation. The latter supposition is
corsistent with the insensitivity to pH of the ESR
spectra of the membrane-associated local anaesthetic
analogues *. The interfacial pX, shift for the tetra-
caine analogug, I, (4pKi = —0.9) is comparable to the
value of ApK! = —0.68 measured directly for tetra-
caine in ncutral detergert micelles [8). Some small
difference between the two values might be expected in
view of the somewhat different interfaces in the two
cases. Using the calibrations of Ref. 8, the value of
pk} obtained here for ana'orue 1 corresponds to an
effective intcrfacial dielectric constanc at the site of the
amine group of &, =46-44 for DMPC bilavers. as
opposed to e, = 51 for the neutral micelles (cf. foot-
note beiow).

Other workers have determined the pH dependence
of the partitioning of unlabelled tertiary amiue local

* Based on indirect evidence from 2H-labelled phosphatidylchuline,
it wa= syggested in Ref. 27 that unlabetied tetracaine changes its
lucation in the bilayer on deprotonation. However, NMR results
from *H-labeiied tewracaine [28] have indicated further that such
eifects are dependent on the particular lipid host, which is differ-
ent n the present case. The EPR spectra from the spin-labelled
local apaesthetic analogues used here provide no positive evidence
for a change in their bilayer locaton on deprotonation, ulthough a
limited change cannot be excluded. The variation in size of ApKP™
between the different spin-labelled analogues might be taken to
indicate such a change for some of the unaiogues, but clearly this
is nonsidurably smalice than the large shift observed for the fatty
ac-d. In cases where the amphiphile does move on depmmnalum.
tiv: effective interfacinl polarity or diclectric
from the shift in X, wrivsponds to some arerage for the two
locations.
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anaesthetics from which the interfacial shift in pX,, can
be extracted. Westman et ui. [9] have derived values of
ApKP* = —0.77 and —1.64 for tetracaine and pro-
caine, respectively, in bilayer membranes. These values
are in good accord with thosc obtained here for ana-
logues 1 and 1, respectively. Correcting for an error in
sign (cf. Ref. 9), polarity-induced shifts of ApKP =0,
~1.0 and —1.0 were found for tetracaine, procaine
and lidocine, respectively, in Ref. 10. The vanishing
shift in pK, for te::acaine is inconsistent with the
results quoted here and with the above theoretical
considerations regarding interfacial ionization. Eftink
et al. [25] have also obtained a polarity-induced shift of
ApKP™ = —1.35 for dibucaine, which agair: is consis-
tent with the general expectations for tertiary amine
local anaesthetics.

Conzlusions

it has bevn demonstrated directly that the partition-
ing of the charged and uncharged forms of a fatty acid
local anaesthetic is correlated with the shift in pK, on
membranc association, according to the predictions of
equilibrium thermodynamics.' Hence, the membrane
partitioning of protonated and unprotonated am-

phiphiles will differ in ali cases, since this difference is .

determined by the same interfacial energetic factors
that govern the shift in pK, (cf. Eqn. 7). in general,
the pK, shift for the tertiary amine local anaesthetics
due to the lower polarity of the interfacial site is in the
region of ApKP'= ~1.0 to —1.5 and therefore the
uncharged anaesthetic is expected to have a 190- to
3-fold greater partition coefficient for neutral mem-
branes tiian that of the charged form. Other local
anaesthetics, such as the fatty acids, which have a
different interfacial location in the charged and un-
charged forms may give rise to larger differences in
partitioi cocfficient (cf. footnote on p. 67). In the case
of negatively charged membranes, the partition coeffi-
cient of the protonated species will be increased by an
amount detcrmiiicd by the surface potential, as indi-
cated by Eqns. 1 and 7. Additional shifts will also aris:
from the electrostatic gathcring or depletion of the
charged species at the charged membrane surface. At
high levels of partitioning, the modification of the
surface charge by the bound anaesthetic must also be
taken into account, as was done in Refs. 9 and 10.
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