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Consideration of the interfacial protonation 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 myrisfic acid in dimffistoylphosphatidylcholine bilayer 
dispersions have been measured by EPR s,._nectroscopy _.and found to be approximately 140.fold higher for the 
protonated acid than for the dissociated salt form. This ratio of partition coefficients !s found to be in good 
agreement with that predicted from the ingerfacial sh,.'.q in pK, of the fatty acid on its partitioning into the 
membrane. The latter was determined from the chanees in the EPR spectra of the membrane.associated fatty acid 
with pH and was found to be +2.1 pH units. The interfaciaI shifts in pK a for a series of spin.labelled analogues of 
tertiary amine local anaesthetics have been determined from ~he pit ~ependence of the partition coefficients in 
dimyristeylphosphatidylcholine bilayer dispersions and are found mostly to be in the range of approx. - 1.0 to - 1.$ 
pH units, corresponding to a 10- to 30-fold higher partition coefficient of the uncharged base compared with that of 
the charged amr, tonium form. 

Introduction 

The ionization state of membrane-associated local 
anaesthetics will affect both their transmembrane 
transport [1] ar,d their physiological activity [2,3]. The 
membrane conccntratiom of lot.a[ anaesthetic, which 
a l ~  d-etermine ~ctivity, are additionally specified by 
the partition coefficients of the I~otonated and dissoci- 
ated forms [4,5]. Since the diff,:fences in partitioning 
equilibria for the charged and uncharged species are 
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controlled by the same thermodynamic factors as those 
: for the interfaciai ionization equilibria, the two are 

expected to be directly related. It is the purpose of this 
paper to demonstrate unambiguously that such a rela. 
tion does hold for one particular class ol ideal anaes- 
thetic molecules and hence to demonstrate the general- 
ity of these principles for local anaesthetic-membrane 
interactions. 

Interracial ionization equilibria have be~:~t analysed 
in detail by Fern,4ndez and Fromherz [6]. The pK a of 
any protonatable group at a membrane it, terrace, pK,~, 
will differ from the h:;,'insic v~luc, pK~ ~, for the am- 
phiphiie ir water because of thermodynamic differ- 
~.nces in the ionization equilibria at the two locations. 
For charged membranes, an additional shift in pK:, 
arises because the inteffacial proton coacentration is 
different from that in the bulk aqueous phase. In 

m~.L, ,d~,dt  p/(., IS gcneraI, th~ '" ...r .. . . . .  o gtvell by [7]: 

= ,, .4-K~,i pg. pK,,+ j, . + i ,~pg~ '~ l  (I) 

where A p K ~ i = - e O / ( I n l O . k T )  is the e~ectrostatic 
shift which is determined by ~he surface potential, ~ ,  



of the membrane. The polarity-ind,;ted shift, .~pK;~ '~, 
accounts for the intrinsic difference ;n ionization equi- 
libria and takes the positive sign for dissociation of a 
molecular acid (HA ~ H ÷ ~- A-)  and ;he nega6vc sign 
for the dissociation of a cationic acid (lab + ;~ H++ B), 
since the polarity at the interface is Io..~.'~:: than tha, in 
bulk water. This shift has been related ~;~coretieally to 
the hydration of the amphiphil¢ at the interface [.~]. 
lnterfacial 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-a~ociatcd local anaesthetic will diffc~ 
by one pH unit or more from that in bulk water. 

The connection between the difference in partition- 
ing of the charg¢~ and uncharged species and the shift 
in pK,, on assoc!ation with the membrane has been 
taken into ac¢oun; in the analysis of several studic~ on 
the pH dependence of the membrane partitioning.of 
local anaesthetic ~olecules [9-1 I]. The effects of such 
shifts on the apparent pK~ as deduced .solely from 
partitioning data, w~th the consequence that this quan- 
tity is dependent on the membrane concentration, have 
a l~  been emphasized [12]. In certain cases, the results 
of such studies have been equivocal in that shifts in 
pK.., have been detected fur certain local anaesthetics 
but not for others [10]. This result is unexpected in 
view of :he quite general nature of the considerations 
concerning int~rfacial ionizatiun equilibria that are 
given above. A direct, critical demonstration of the 
connection between the difference in partition coeffi- 
cients and the interracial shift in pK.., has so far been 
lacking. 

Fatty acids are known to have a local anaesthetic 
function as non.~;umpetiiive blockers of the acetyl- 
choline receptor Jolt channel [13,14]. A spin.!:belled 
fatty acid derivative has also been demonstrated to 
have local anaesthetic activity [15]. In the present work 
we have det,~rmined the partition coefficients of the 
,:har~ed and uncharged forms of a spin-labelled fatty 
acid at low concentrations in neutral bilayer model 
membranes. The intcrfac[al pK~ of the membrane-as- 
sociated form of this molecule has also been dote,- 
mined directly from the electron paramagnetic reso- 
nanc¢ (EPR) sp,:ctra. The 140-fold ~reater partition 
coefficient found for the uncharged form of the fatty 
acid compared with the dissociated form correlates 
quantitatively with the large upward shift ebser:,ed in 
the ~K, of the fatty acid on association with the 
men,,brane. Additionally, the inteffacial shifts in pK. 
of spin-labelled analogues of tertiary amine local 
anaesthetics, which are known to associate with acctyi- 
choline receptor-rich membranes [16] and to have local 
anaesthetic potency [17], have been determined from 
the pH dependence of the partitioning. Tht~ shift,: in 
pKa are all found to be similar to (hose expected from 
the lower polarity at the membrane surface. 
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Materials and r~ic:h~ls 

Dimyristn.vlphos~L,,~tidylcholinr (DMPC) was ob. 
(ained from .Lluka (Buchs, Switzerland). Spin-labelled 
myristic aci(ls (n-MASL) were synlhcsiTed according ~¢ 
the nl~:thods of H~bb':~ll and McConnell [18]. The spin- 
labelle~ local anaesthetic analogues (~cc Fig. I) were 
synthesized a~ dc.~,cribcd in Hider e| al. [19] or by 
anah)gous mcthoc~s. 

For sample greparation. 0.5 real% of the spin- 
labelled analogue was codissolvcd ~ith the required 
amour~t of DMPC in dichIoro~lct l , :  no. T h e  solution 
was dried in a water bath at 45 ° C f¢,r 15 miTI and then 
under vacuum overnight. The dry 'ipid fihn was hy- 
drated in 50/~l of I0 mM buffer, di,.perscd at 45°C by 
vortex mixing and then bath ~n,  cated for [O rain. 
Buffers used were acetate (pH < 5), phosphale (.~ < pH 
_< ~;) and borate (pH > 8), and all co~,:ained iJ.I m ~  
F.i~;TA. The pH of the dispersion was then recast:red 
aa~ a 10/~i aliquot transferred to a I mm o.d. gb~s 
capillary for EPR measurement. Where required, the 
lipi~ concentrations were checked by phosphate analy- 
sis [26]. 

EPR spectra were recorded on a Varian B-Line 9 

GHz spectrometer equipped with nitrogen gas flow 
temperature regulation. Sample capillaries were ac- 
commodated in standard 4 mm quartz EPR tu~s  
which contained light silicone oil for thermal stability. 
Temperature was measured with a fine-wire thermo- 
couple positioned within the silicone oil at the top of 
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Fig. I. 5t~cturcs of ihc spin-lal~lled local an,eslhctk: ~malo~,,.~." 
used in Ihi; study. 
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t~c ~;.~.owave cavity. Data were collected on an IBM 
PC computer interfaced to the spectrometer. Spectral 
subtractions were performed digitally as desc'rihed in 
Ref. 20. 

~ i c a l  bqtckg~nd 

3'he protonation equilibria of an amphipidle which 
partitions between the aqueous and membrane phases 
are indicated schematically in Fig. 2. The intrinsic 
acid-base dissociatiolt constant of the amphiphile in 
water is defined by: 

~." -~ ILIIH" I/ILH] (2) 

where L and LH are the unprotonated and protonatcd 
forms, rcspecUvely, of the amphiphile in water, and 
[ H ' ]  is the bu'~k hydroge~t ion concentration in water. 
The interracial acid-base di..rsociation constant for the 
amphiphile bound to the mcmbrane is defined by: 

K~ = [L,I[H" 1/[L,Hi (3) 

where L i "and L iH are the unprotonated and proto- 
nated forms, r~;spcctively, of the bound amphiphile. At 
low concentrations of amphiphile0 the partition coeffi- 
cients of the tmprotonatcd and protonated forms (K L 
and Kut, respectively) are given by: 

g,. = LL3/II.] (4) 

and 

Kl.tl = [LiH]/[L~;|! (~) 

Because of !,~:c cy~.:ical nature ot the equilibria (Fig. 2), 
the acid-base disso¢.ialion constants are related to the 
partition coefficients by (cf. Eqns. 2-5): 

K'..'IK~ :, Ku ,  IK t .  (6) 

- t r 0  
t n~  i t  

L -~--------- LH 

LI 
Li , ~ . . . . ~  Lilt 

Fig. 2. Proton ionization equilibria (dissociatic,n constanls: K'.', K~) 
of a local anaesthetic, L. partitioning b,:twe~n lhe aqueous phase and 
a membrare with partition o.'¢ffi::~ents: K L and t ; t j  I. The ind¢; i 
indka l~  ..'.-,i inteffacial Iocalizalion of the protonar~ble group ot the 

local anat:sth~tic, 

Therefore the inteffacial shift (ApK~) in pK., is given 
by: 

pK~ -p-K". -~ ]ogt0 ( KI. l ! /KI.  ) (7) 

This latter equation i|lustratcs the tact that the ther- 
modynamic factors giving rise to a pK a shift at the 
interlace inevitably result also in a difference in parti- 
tioning between the protonated and unprotonated 
forms of the amphiphile. For a typical value of the 
interracial polarity shift: I dpK~' l l  -- !.1 [6,7], it is 
predicted that the partition coefficient of the un- 
charged form of the awphiphile will be approximately 
13-times greater than that of the charged fiJrm, in 
neutr~,! membyanes. 

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

K,.,~ = ([L~] + [L~HI)/([L] + [LH]) (~) 

Combining Eqn. 8 with Eslns. 2, 3 and 5 :hen yields: 

K~,,- KL.([tl ]+ K~)/([H" ]+ K~] (9) 

which de~ribes the pH dependence of the experimen- 
tally measured partition coefficient. 

Results and Discession 

Membrane partitioning of spin.labelled fatty acids 
The EPR spectra of the spin-labelled myristic acid, 

10-MASL, in dispersions of DMPC bilayer model 
membrane~ are g;ven as a function of the ,,-aembrane 
(DMPC) concentration in Fig. 3. The spectra all consist 
of two components: a sharp three-line compo,.cnt from 
the spin labels tumbling rapidly in wat~i and a broad 
anisotropic component from the spin labels interca- 
lated in the membrane. As can ~ 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- 
~ a d  fatB' acid in Fig. 3 can be obtained by digital 
subera.~tion of a spectrum of the spin-labelled fatty acid 
alone in wr~te,., followed by double integration of the 
spectral components to determine relative spin concen- 
trations. If fL and fw are the fractions of the total 
s~ctral int~nsi~ in the lipid-bound and free compo- 
nents, respc~ctively, then: 

.f,./fw = K~,i'l'g (10) 

where cj i~ th~ lipid concentration (in g/ml) and ?i is 
the partial specific volume of the lipid. "i'he depen- 
dcnc~ of the ratio fL/fw on the lipid concentration is 
~ivcn for dispersions at two different pH values in Fig. 
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R~, 3. EPR spectra of ;he IO-MASL myrislic acid spin label in 
aqueous dispersions of DMPC bilayers at pH 9.0 and with different 
DMPC concenlrations, (a) 140 mg/ml DMPC; (b) 12O mg/ml DMPC; 
(c) 100 mg/ml DMPC; (d) 80 mll/ml DMPC; (~) 60 mg/ml DMPC; 

if)40 mll/ml DMPC. T = 15°C, total scan width ~ 100 gauss. 

4. The linearity of the concentration dependence as 
predicted by Eqn. 10 demonstrates that the fatty, acid 
establishes a partition equilibrium between the mem- 
i)rane and aqueous phases. At the low 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 protouated at pH 
4.0 and fully dissociated at pH 9.0, the partition coeffi- 
cients of the two protonation states can be determined. 
Frem the linear regressions in Fig. 4 the (scaled) ~,a~i- 
tion coefficients are: Ki.t~F I = 2570 ml/g  (pH 4.0) and 
KL~ ~ -- 17.9 ml/g (pH 9.0), i.e. the partition coefficient 
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F~I. 4. D,:pendence o'n D~IPC ~'on~entration of the ratio, jr L / ,¢w, of 
10-MASL m,/risti¢ at'id partitioning into DMPC ~o that in water, at 
:50C. Data ":re deduced fro,)~ s p e c t r a l  subtractions of ESR s p e c t r a  

of the type shown ,, Fill. 3 and are Iliven for two pH values of the 
suspending buffer: (e) pH 4.0, ( • )  pH 9.0. The left-hand ordinate 
corresponds to the dala for pH 4.0 and the ,illht-hand ordinate to 
the dtela [or pH q.4:. The solid lines re~:=sent linear regressions of 
the data yielding the (scaled) pt~ttition coeff~knl~: KLH~ | ,= 25?0 
ml/g (pH 4,0) and K jr I -I 17.o ml/B (pH 9.0) where [l is the partial 

specific volume of i}Mf'C, of. F.q.. 10. 
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Fig. 5. F_.SR spectra of the 6-MASL m)~ristic acid spin label in DMPt7 
bilaycrs dispersed in buffers of different pH values, (a) pH 4.0:. (b) 
pH 5.0: (cJ pH 6.0: (d) ptl 6.5: (e) pH 7.t~, if) pH 7.5; (g) pH 8,0:, (h~ 

pH 9.0. T = 41°C, total scan width -- I(~ gatlss. 

of the u0"tcharged fatty acid is approximately 145-times 
greater than that of the charged species. Measure- 
meats on the 6-MASL derivath,e with the spin label 
located at a different position in the fatty acid chain 
yielded comparable data with a l~J-fo'd difference in 
the partition coefficients of the uncharged and charged 
forms. 

lntofaciul ionization of  membrane-bound "~l.,y acid 
The ESR spectra of the spin-labelled ~ayristic acid, 

6-MASL, in DMPC bilayer model membrar es arc given 
as a function o)f the pH of the suspending medium in 
Fig. 5. Under the conditions of this exp¢riment, the 
spin-label es~ntia|iy is wholely bound to *.he mem- 
brane. As found previously for spin-labelled slearic 
acid in a different membrane system [21], the EPR 
spectra in the titration region of the membranc-l~',md 
fatty acid consist of two components. One component 
has.,  smaller spectral anisotropy characteristic of the 
protonated (uncharged) form of the fatty acid observed 
at pH 4.0 (Fig. 5~), a,~! the other component has a 
larger spectral anisotn3py characteristic of the ionized 
(charged) form of the fatty acid at pH 9.0 (Fig. 5h). 

The relative proportions of the protonatcd and un- 
protonated membrane-bound fatty acid in Fig. 5 can be 
ob*.ained by digital subtraction of the spec*.ra at the low 
dud high pH extremes from those in the titration 
region. If ; H  is the fi¢~ion of the total spectral 
intensity in the protonated componenz, then a conven- 
tional pH titration gives: 

f .  = ;/(1 +K, / [H 1, (1]) 

The data for the pH dependence of f ,  are given in 
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Fig. r~. p}l depender;co of the fraclion, I - I ' l l ,  of unprolonated 
~MASL myristic acid deduced from spectral suhtructions of th~ 
ESR spcctr.t sh~sn in Fig 5. The a~!id lint: repre~nts a non-lin,:ar 

least-squares fit of the data to Eqn. t i yielding a pK~ i, = 6.9. 

Fig. 6 a.nd a non-linear least-squares fit to Eqn. II 
yields a value of pK,~ = 6.9 for the interfacial pK., of 
the 6-MASL myrisfic acid. Since the intrinsic pK~ of a 
fa'.~ acid in ":::tar i~ apprcai,,-iaie;~ vK'~" = 4.8-4.9 [22], 
the inteffacial PK., shift is: pK), - pK~' = 2.0-2.1. The 
positive sign of the shift is that expected for the dis~- 
ciation of a molecular acid binding to neutral mem- 
branes [6]. The ,-nagni|ude of the shift is greater than 
the polarity-induced shifts in interfacial pK, that are 
no.'mally observed, IApK~'~I --- 1.1 [6,7] because the 
protnnated fatty 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 interracial shift in pK~ predicted 
from the measured partition coefficients of the proto- 
hated and unprotonated species by using Eqn. 7 is: 
pK~ - pK ° -- 2.11 for 6-MASL and 2.16 for 10-MASL. 
The agreement with vhe value that was measured di- 
rectly demons.trates the validity of Eqn. 7 in describing 
the pa.qhioning and ionizotion equilibria in am- 
phiphile-membrane interaciions. Ct:arly, the interra- 
cial shifts in pK;~ must be takc~.~ into account when 
interpreting data on the binding of local anaesthetics 
to membranes. The data for fatty acids indicate that 
these effects can be ver~ ~ appreciable and it is of 
considerable interest to determine the magnitude of 
the shifts for other local anaesthetic molecules, particu- 
larly those of the tertiary amine class. 

pH dependence of the partltionmg of spin-labelled local 
anae~.thaics 

The spin-labelled analogues of local anaesthetics 
w h ~  structures are given in Fig. i are knowq to bind 
to synaptie membranes [16]. The EPR Slr,ectra of these 
spin-labelled analogues in DMPC bilayers were found 
not to be ~:nsitive to pH (data not sh~r~cn) therefore 
protruding direct determination of the/nterfacial PK., 
as was possible ia the case of th~ spin..labelled fatty 
acid. However. siztce the principles are we!~ established 
by these latter measurements, the pH dependence of 

the partitioning obtained with the above methods can 
he used to estimate the shifts in pK,. 

The EPR spectra of the different spin-labelled iocai 
anaesthetic an;,,Iogues in DMPC bilayer dispersions are 
given in Fig. 7. As for the spin-labelled fatty acid, the 
spectra are clearly resolved into two components corre- 
sponding to the free and membrane-associated species. 
The ratios f l . / fw of the membrane-bound to free 
spin-labelled local a,aesihetic analogues were deter- 
rained from the EPR spectra as described above. These 
~re given in Fig. 8 as a function of the pH of the 
::uspending medium for the different local anaesthetic 
v.nalogues. The nonprotonatable benzocaine analogue, 
III, 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 henzocaine analogue the (scalc~) 
partition coefficient w~s KL~ ~ - 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 arc all reasonably wall described 
by this equation and yield the fitting parameters given 
in Table I. 

The intrinsic pK:'; = 8.3 obtained for the tetracaine 
analogue, I, agrees very well with values of 9K~' = 8.26 

Fig. 7. ESR spectra of the different spin-hbe]lcd local anaesthetic 
analogues (of. Fig. 1) in aqueous dispersions of DMPC bilaycrs at pH 
10.O and T~ 15oc. (a) analogue [. [DMPC]= 150 mg/ml; (b) ana- 
logue ]I. [DMPC]~-i50 mg/ml; (e) analogue I!1. [DMPC]= 15 
mg/ml; (d) analoguv W. [DMPC]-30 mg/rnl; (e) analogue V. 
[DMPC],= 15 mg/rnt: (f) analogue VI, [DMPCJ~ n)o mg/ml; (g) 

analogue VII, IDMPf ~] = 100 mll/ml, Tolal ~'an width - 100 gauss, 
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Fig. ~. pl-[ dependence of thu ratk~ fL/fW, of the different 
spin-labelLed Local anaesthetic analogues (of. Fig. 1) partitioning into 
DMPC to those in water, at 15°C. (A) Analogue i, [DMPC]- t50 
mg/mt; (B) analogue II, [DMPC]=, 150 rnt~/ml; (C) ar.alogue IV, 
{DMPC]-3U mg/ml; (D) analogue V, [DMPCI-15 mg/ml; (E) 
analogue VI, [DMPC] ~-~ tOG mg/ml, (F; ~t.a;ulta~ Vii, [DMPCI = tog 
mg/'r.ql. Data are deduced from spectra[ subtractions of ESR spectra 
such as those in Fig, 7. The solid lines represent non-linear least- 
~uares fits of the data to Eqn. 9 yielding the int¢insic and interracial 

pK. values and the partition coefficients given in Table I. 

[8] and 8.24 [23] titat have been obtained directly for 
tetracaine itself in aqueous solution. The intrinsic oK~ ° 
= 8.9 obtained for the procaine-like analogue, 11, 
agrees well with the value of  pK~' == 8.9 for procaine 
itself [24]~ bat not with the values for the other pro- 
caine analogues, IV and VII. Interestingly, h e ,  ever, 
the values for pK,  ~ for the different procaine anal,~gues 
are all rather similar. 
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TABLE i 

l~trin.~ic and i~tter~uciul pK~ rulu~ (pK;' and pK' .  re~oeetirely~ and 
fscaled) partition coefficients ~ K IrH~ t) of  spin-[abelh, d h,:~l amw~thetic 
,,nalog~es. L. partitioning into DMPC bilayers at 15 o C 

Dala are deducud from the non-linear least-squar,:s fits to Eqn. 9 
thai arc pre.~n:ed in Fig. 8. 

(rag/roll (ml/g) 

I 150 ~.3 7.4 3.2 
II 150 8.9 7,2 6.5 
lV ~ 7,8 7.0 120 
v ~5 ~ I ?A 120 
V I lit0 9.ll 8.6 I ] 
VII i00 8.1. ~ 7.1 19 

The intcrfacial pK.. ~hifts of the different tertiary 
amine local anaesthetic analogues are all negative, as 
exl~cted for the dissocmtion of a cationic acid binding 
to neutra[ membranes [¢~j. The vaiucs i~r the different 
analogues vary somewhat, but have a mean value taken 
o;'er all derivatives of ApK~ = -0.95.  This is of the 
size expected for a polarity-induced shift where the 
molecule, unlike the fatty ~cid, doc,~ ;zo~ move .~., t |~  
membrane on protonation. The latter supposition is 
copsi~tent with the insensitivity to pH of the ESR 
spectra of the membrane-associated local anaesthetic 
analogues *. The interfacial pK., shift for the tetra- 
caine analogue., I, (,~pK~ = -0 .9 )  is comparable to the 
value of  /tpK~-- - 0 . 6 8  measured directly for tetra- 
caine in neu.'_rai ct~terge~t micelles [8]. Some small 
difference between the two va[ues might be expected in 
view of the somewhat different interfaces in the two 
cases. Using the calibrations of Ref. 8, the value of 
pK~ i, obtained here for analogue I corresponds to an 
effective intcffacial dielectric constant at the s~te of the 
amine group of ein t "~" 40--44 for DMPC bilayers, as 
opposed to ~i.t = 51 for the neutral micelles (cf. foot- 
note below). 

Other workers have determined the pH dependence 
of the partitioning of untabelled terda.%, ami~ze local 

Based on indirect evidence from all-labelled phosp'tmtidyklmli~, 
i! w~s suggested in Ref. 27 thai unlabctied tctracain© chanlp~ ils 
t o . l i on  in the bilayer on dcprolonation. However. NMR rcsu]ls 
frnm ZH-iabeiied tetracain¢ [28] have indicated fun~,r  that s~h 
effects are dependent on the particular lipid host. which is dig©r- 
,:n" m Iha present case. The EPR spcclra from the spi~-iabclled 
local anaesthetic analogues used here provide no positive evidence 
for a change in their hil~yer locatmn on dcFrolonalion, although a 
limited chang© cannot be excluded. The variation in ~ of ApK~ p'~ 
between the different ~n.labelled analogues might be taken to 
iqdicate such z~ chang© for some of the -,,,doSues. b~t clearly this 
is rmasidgr-,bly smal-'¢v th-'-= th,~ Idrge shift t,bs. erred for the fatty 
ar.d. in cases where the amphighile doe.s move on deprotonati~l, 
Ii~-: eff~¢ti~ il:!erfacial polarity or dk:lectri¢ constant deduced 
fr.~m the shift -"n ~K. ~ p ~ n d s  to some a,cra~e for the two 
Ioc~tk,ns. 
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artaesthetics from which the interracial shift in pK,  can 
be extracted. Westman et at, [9] have derived values of 
ApK, p°l = - 0 . 7 7  and -1 .64 for tetracaine and pro- 
caine, respectively, in bilaycr membranes. These values 
are in good accord with those obtained here for ana- 
logues i and I1, respectively. Correcting for an error in 
sign (cf. Ref. 9), polarity-induced shifts of 3 p K ~  = 0, 
- 1 .0  and -1 .0  were found for tetracaine, procaine 
and lidoc~ine, respectively, in Ref. I0. The vanishing 
shift in pK~ for te:;acaine is inconsistent with the 
results quoted here and with zhe above theoretical 
considerations regarding i~TtcrfaciaI ionization. Eftink 
et ai. [25] have also obtained a polarity-induced shift ot 
,.ApK~ = -1.35 for dibucaine, which ag~_!:i is consis- 
:c,';~ w~'h the general ex~ctaf, it)a~ for teTtiary amine 
local anaesthetics. 

Coadmions  

P, has been demonstrated directly that the pa~tilion- 
ing of the charged and uncharged f,3rms of a fatty acid 
local anaesthetic is ~rrelat~:d with the shift in pK a on 
membrant~ association, according to the predictions of 
equilibrium thermodynamics. H e n c e ,  the membrane 
partitioning of protonated and unprotonated am- 
phiphiles will differ in all cases, since this difference is 
determined by the same interracial energHic factors 
that govem the shift in pK a (cf. Eqn. 7). in general, 
the pK~ shift for the tezliary amine local anaesthetics 
due to the lower polarity of the interracial site is in the 
region of ApKa ~ - - 1 .0  to -1 .5  and therefore the 
uncharged anaesthetic is expected to have a 1O- to 
30-fold greater partition coefficient for neutral mem- 
branes than that of the charged form. Other local 
anaesthetics, such as the fatty acids, which have a 
different interracial location in the charged and un- 
charged forms may give rise to larger differences in 
partitio~i cu~fficient (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 determined by :he surface potential, as indi- 
cated by. Eqns. ! and 7. Additional shifts will also arts,. • 
from the electrostatic gathering or depletion of the 
charged species at the charged membrane surface. At 
high leveh of partitioning, the modification of the 
surface charge b~ the bound anaesthetic must also be 
taken into account, as was done in Refs. 9 and 10. 
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