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Tluid mosaic model of biological membrane, pro-

posed by Singer and Nicolson (1).
proteins are intercalated in a bilayer array
of lipids.

Structure of a3 multilamellar lipid dispe
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bilavers and (®) bilayer arrangement
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. 10 Thepretical J!P NMR powder pattern for a bi-
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PREFACE

Depuis la découverte de l'effet anesthésiqﬁe
de la cocaine, vers la fin dﬁ siscle dernier, le do-
maine de l‘ane§thésie s'est qéveloppé considéradblement
tant par l'additien de nouvelles substances que par
1tétude de leur effet sur les tissus vivants ou recons-
tituds. Il existe plusieﬁrs classes d'anesthésiques
locaux et généraux et leur usage médical est bien
connu. Cependant, 3 l'excepticn du faltl que ces com=

cosés agissent au niveau de la membrane nerveuse, dien

»
+
-

ou lz ferme nen-chargée de 1'znesthésigue provogue(nt)
lz perte de sensibiliité. De plus, on ignore & peu pres



;
~complétement ol sera située la molécule d'anesthésique
dams 1la mémbran% lipidique.  Cette étude a pour ob-

jectif de clarifier quelques-uns de ces points ambigus.



PREFACE

Since the discovery.of the anesthetic effect of
cocaine at the end of the last centurw, the field of

~ addition of
-anestheSLa'has conSLderably developed by the - numerou:

. the
new meolecules and study of

their action on living svs-
tems. Many classes of local and general anesthetics
presently exist and are used for clinieal purpdses.

Hewever, little is known about their mechanism of action

except that they ‘act at the level of the nerve membrane.

Seth lipid and protein-tased mechanisms are in vegue
but, until new, nene has been definitely established.
The interzction of preocaine znd tetracaine, two - =

. local znesthetics chosen for this study, with biclogical

r
or mecdel membranes has been studied by several techni-

gues, which hcve shown that these molecules interact

)

with the membrane “boso 101ipicd bpilzver, tetracaine pro-
ducing z strenger effect than proczine. The charged
and/or tne uncharged form(s) has (have) been zlternately
prepesed to be responsible for znesthesiz. The inter-

czlatio

3

1 of the loczl anesthet;c in the lipid membrane
is generzlly recognized but zlmost nothing is kﬂOw
gbout the location of each form. It is the purpose of -
this work to clarify some of}these questions.

Vd

s
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RESUME
Y

- -
v

Des membranes modeles, constituées de dispersions’

multllamellalres de phosohollmld s, ont étd utilisees

~

pour 1' etude de ce que l‘on considare comme ad moins

4

une dtape importante du meécanisme d'anesthesie i.e.
ltinteraction de l'anesthésique avec la partie lipidigue

de la membrane.

-

Je déoris iei la svnthése d'anesthésiques locaux.

A » - - . Y - %
procaine et té@racalne. spécifiquement deuteres a

e
o]
]
ko

'i.’- .
que de phosphatidylcholines spécifiquement deutéreées.
iprés aveir caractérisé le systéme en déterminant les
coefficients de part tlon. les valeurs de pK_, les sc-

i

[

lubilités, ete, vtergotion des znesthésigues marqués

I3

avec des membranes modeles de phesphatidylehncline (FC)

ou de pho phat;cvWChcllne-*ho phatidylsérine (FC-FS)

et ltinterazction des anesthésiques non-margués avee

des phosphatidyvlcholines spécificuenent deutérées, cnt

été étudiées p résonance magnétique nuclézire du

deutérium (EMN). Les znesthésiques loczux ont été uti-

lisés dans leurs formes chargée (pH 5.5) et non-chargée
' hY

(pE ©.5). .

Les résultats de RMN peuvent &étre interprétés-

par un modéle & trois sites ol i'znesthésique serzit



"

‘effets observés avee PC 2 bas p

(1) libre dans lteau, (2) faiblement lié et (3) fortement
lié a la membrane. Les deux premiers 'sites sont en
dchange vite mais l'échange est lent avec le troisieme

site. Des calculs de pourcentages de l'espece chargée

et non-charséde ont indigqué que les deux formes peuvent

o 4

-
a

-

etre fortement lides & la membrane 3 bas et 3 haut p

-
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our les anes-

e

thésigues locaux suggeérent que les sites de lizisen
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cour les espeéces feortement liédes chargées et non-char-
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dans les deux formes.

Une comparaiscn des données du 3MN cdu deutérium

cas, l'addition de PSS provcqua une zugmentztiion des
-

I

: guand l'znesthésigue

<

est chargé positivement. Considérant les valeurs bezu-

‘J-

coup plus élevées des cocefficients de partition gquand
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o
L'addition d'anesthésique local & des dispersions
de PC spdcifiquement deutéré a permis la localisation

de la molédclle dans la bicouche de phospholipides.

1
-

Dans sa forme chargée, les résultats indiquent que la

molécule de tétracaine est situde au niveau du groupe

[#]
[¢)
cr
[¢/]

dte, le groupe diméthylammeonium positivement chargé
dtant dans l'entourage de la partie triméthylanmeoniun

N _ . ]
3 1z partie glycérel du phosphelipide et la chalne

N-butvle de tétracaine s'intercalerait entre-les pre-

L

Ces résul-

i
I
o
[
ot
‘<5
'_l
O
[1}]
o
g
<
0]
1]
o]
8]
0]
4]
0
1]
"3
o
o]
3
M
w
4]
=
o
n
(O

el
o
0]
i3
ct
in

tzts sont aussi en accordé zvec les données cdu EMN de
1
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Local Anesthetics

Class Examples
n-ilkanols Methanel
Decancl

w=Fhenyl alkanols

Amines aminoesters
. anincanides

Guanidine derivatives

Sarbiturates

Zenzyl aleochel
w-Fhenyl nonancl

Cocaine
Froczine
Lidocaine
Tetrzcaine

[ ]
cr
3

etrodotoxin

entobarbitone
T

Fent
Phencharbitone
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group, ah aromatic residue and an intermediate cﬁain
(26). Local anesthetics of this type can exist in a
charged and in an uncharged form. These amine-contai-
ning local anesthe&;cs are also tﬁe nost commonly used.

-

(o) Theories of anesthesia

Local anesthetics have been studied extensively

in the recent vears. -In fact, numercus investigations
have .dealst with every possible aspect of these compounds.
Ef - Ny Ly

More specificaldly. about their meode cof action, several

review articles ané books (25-42) now exist 'in spite of
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assify the literature-zbolt

loczl znesthetiecs intg three main classes of mechanisms

thecry and the lipid perturbation thecry. First, the

loczl znesthetic molecule can interzeit with z specific

studies (43-45). This would explain why some tertizry

zmine~-contzining local znesthetics were found to be ae- |
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nerve membrane (46). However, the receptor would have
to be surpriéingly unselective, or the number of dif-
ferent receptérs éxtremely high,*to account for the
fact that such a Qide range of dompounds cause loeal
anesthesia, their only obvious similarity being their

general amphiphilic structure. 3SBinding studies of

‘anesthetics to preteins have often proven te be unre-

warding (2#7). A recent study, however., postulated in
the existence ¢f 3 binding site for local anesthetics
£

+ A popular variant of this medel is the sodium

channel blocking effect (48). 1Interacticn between the
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dium ilon passage. Unfertunately, the nature of the
socdium channel, zand of the znesthetie interacticn with

L secondé proposal is that the effects of lcoezl
anesthetics on the membrane surface charge would be
responsible for their zeticn (46). The faet that posi-

tively charged, negztively charged and uncharged znes-

}-h

theties Zre zll zective cast some doubt zbout “hecries
based solely on this interzction. Nonetheless, it is

clear that when the local anesthetic azets in its charged
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PROCAINE (PRC)
' |

‘ _CY,CH;
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TETRACAINE (TTC)
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ZC — CHp— CHg=CHy- N C—0- CHg~CHp=N
> e e 2H©Il T Ney

X o

TTC-¢,X=D, Y=H, Z=H
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TTC-ce.X=H, Y=D, Z=H
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The width
In

n 2=0ordital relative to the magnetic rield.

the coupling depends on the orientation of the ni
e

due to the hyperfine coupling between them.
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ESR resonances. The peak-to-peak linewidth, aHe‘, of

the central line in the first derivative spectrum is

given by (81):

cr

where " is Flanck's cons

e
frequency (frequency of collision between sp

in

(3)

ant and W is the exchange

labels)

. In this work. the spin exchange interaction has

Iy

been used Lo moniter the penetraticon of the

thetic molecule inte the lipid multilamellar dispersic

25 the leeal anesthetic intercalates inte th

48

e bilayvers,

the distance between spin labeled phesphelipid mele-

cules increazses i.e. their freguency of cellisicen, the

spin exchange interaction decreases and the

naneces beccme sharper (see Secticnm IV.B.L).

(e¢) “E nuclezr magnetic resonance

The “E NMR technicue has considerably developed

b

1., 1 oo .
where H and 3C NMR zre difficult or imposs

liquid ecrystals, biologiczl membranes, ete).

n the last few years and is now used mostly in

ibl

e

The theory
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>
concerning™H NMR (©63-65) and its applications to mem-
branes (05-67) has been reviewed.
Deuterium is a relatively rare isotope of hy-

drogen:  its natural abundance is 0.015%. Its sensi-

8]

for NMR investigaticon. In fact, several means can be

used to improve €

o

ese conditicons. First,.conpeounds

can be enriched by chemical synthesis. Second, high

magnetic fields c¢can be used te increzse the spin popu-
lation difference i.e. the sensitivity. Using 2 se-
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can be optimized to zittzin the maximum signzl to noise

in the NME spectrum (68).

i

- . . ) 2.. - ..

In isotropic solutions, "H NME can be usec in
o 1e 13m0 o - e
similar way to E or C NMR (&3, 66). The spectrzl
width is only 154 Hz (at 23 kG) and the spin-spin cou-
pling constznts azre reduced by a factor of £€.5 compared

to proton (the magnetogyric ratios Yy = £.5 Yo }. The



n isotropic solvent but rather to observe them in a

iquid erystal environment where the quadrupolar split-

J ting is not reduced to cero. .
?j al l\'
, In a nmo tlcj/reqtrlctcd system, the energv of a

deutcr;uﬂ nucleus in a magnetic field is compesed of

7]

. the magnetic energy E,, and the quadrupole energy Eq.

The total Hamiltenian ® car be written (65):
ﬂ =Kq'*xq (M

where ﬂv is the magnetic Hamiltonian describing the
v d

interacticn of the nuclear magnetic mement uN with the
magnetie field Lc
= —pX = -g5,.I.H )
Hy = -ufy = g8 I8 (5)

~
I is the nueclear spin cperater,
and g the sc-czlled g fzctor. The guadrupcle Hazmilto-

.ni an'ﬂQ arises from the electrostztic interzctian bet-

tric field gradient 9E = V,, z%t the mucleus. The quz-

ik :
drupole Hazmilitoni can be formulzated (68)
H. = e [V(312 - I2) + T, (% 2.7 T 147727 (5}
Q 0o "z A R s =

0

LI(21-3) -
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; -

. . -~
‘e is the elementary charge, Q is the quadrupole moment

and I is the nuclear spin operafor. The other terms

are defined as: . - \v

/

Vﬁ = V__,
i - ! - T ~
".:.l = T :L\ty:. . (7
g - i - v * 23

' Vo = l (Vi \yy * _1ka)

* L]

. of the electrostatic potential V with respect to the
correspending axes. I+ and 1_ are the raising anc
lowering operaters: .

~ ~ ~ .
T . I, = I = AT . (8)
- Solution of the Hamiltcenian vields three energy
ralues (E+1, Ec,-E 1) between which twe transitions zre

possible (am. = *1). The difference between the two

transition pezks is czlled cgunadrupole solitiin D
- < - ? CJ

and i1s angular dependent. Feor V =V (the zsymmetry

parameter n = 0), the quadrupole splitting is given by:

2

'equ-(Bcos & - 1) (g)

n

.

3
i



’E

where (equ/h) is the gquadrupole coﬁpling constant and
8 is the angle Between the axis of Vi: and the applied
magnetic field. It is interesting tq note that the
quadrupole splitting collapses at @ = 54,74 (magie
angle).
If, in a sample all orientations of v aAre -
qually probable, as in a2 polverystalline sample, there

will be a continuum of doudlets covering all values

of @. The case of a multilamellar lipid dispersion
is illustrated in Fig. 6. This envelope which has a
maximum 2t & = 90° has z shape defined byt
o(e) = 1 gin @ . (10)
2 .
and 2 gquadrupcle splitting at maximuz intensity:
- 2 ° -
D (e = ¢C¢) =|3 [fe"aQ (11)
o} _ . .
. - L h -

In subseguent discussions, the term “quadrubcle split-

11 refer to that for the zngle & = G0°.

e

ting™ w

3]

In liquid erystzls, mclecules are not static

but fluctuzte anisotreopiczlly in the sample. The averzge
ocver this
fluctuastion is expressed. by the order parameter SCD:

< =
-

o5 = <3cose(t) - 1>7 . G2)

:
2-
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where 3{t) is the time varying angle between the major
axis of the electric field gradient and the director
(Fig. 7) and the brackets represent a time or ensemble

average (09). Thus, in multilamellar dispersions or

any similar systems, the guadrupole splitiing of Eq. 11

-

is effectively reduced by a factor SC“‘
.
D, = 3 fe73Q Sch (13
Y _ .
4 w o/

THis ecuzation is fundamentzl to the interpretaticon cof
211 guadrupcle- splittings cobserved in this werk.
ii. Moleculzr order paraneters

b
'J-

The crder parameters ¢f different deutercns
the same mclecule can be relzted by converting the

order parzmeter aleng the C-D bond S., intc a meolecular

comes (6%, Fig. &): ’
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Fig.. 7. Schneme of possible
zlishatie fatty zeyl chain
cign.a The order pazrameter
& netween the C-D bond and
relztion times 1 2re
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S Jtut S
I .

mctions experienced by an

in & lameller lipid cdisper-

is z functicn ¢f the angle

trne cdirector zxis. The cor-
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'MOLECULAR ORDER PARAMETERS

‘. ) -\00 ) T

56

Smol = SCD/(SCOSZB -1)/ 2

Tig. E. nversicn of zlong the C-Z
benc S.y into moleculzr créer pzrameters zleng the di-
rector Zxis S A for azn srcmatic C-D beond and zliphztic
mewdylene znd AELnyl tonds



-
s = S / {1 {3cos"90° - = =28 '
mol CD? (JCOS Q¢ 1) = ._..CD—‘ (14)
2 " 2
o
2 Q R e -
mel = bCDﬁ /11 (3eesT109.5¢ - ) _
% i . :\ — A
-~ -
(1s)
“ >
1 (3c0s8735.258° - 1Y = <83
R chy
. - )
In the ¢ase of an aromatic nucleus, where the director
axis would pass through the para substituents. Sma
for positions 2. 3. % ané & is given byv:
, A s )
S = S.q /|1 (3ecs™80° - 1)| = -88 (1€}

S
ool

-
P <

1ii., Effect of exchange cn “E NME spectrz

The NMR srectrum of a2 species can be modified
by the exchange of that species between twe stztes cr
(70-7T5). The spectrum depends on whether

the rate of exchange is fazst or sleow cn the NMR time-

B gives rise to z quadrupcle

in
(@]
[
|J
ct
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3
x
v
i3
o)
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oy
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times 1 of the observed

~
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species (residence time) in the two individual sites
are much longer than the inverse of the difference
between the guadrupole splitting Dq and the linewidth

AN %
V2t

b 3
- V2

o
ljl p—
—
—
-1
o

S
£

and two separate signals will be c¢bserved. I the

lifetime =t -is much shorter than 1/D_. then an £verage
Fd

F 0

signal av (guadrupole splitting or
AT

roadened*line)

will}, result and the species will bde in fast exchange:

ely. For the intermedizte czse,

v
i
0
3
o
0
O
i
|

pliczted lineshape is expected (see Section II.B).
Severzl exzmples of NMR spectrz in the presence cof
exchange for gquadrupolar nuclei have been published

(71-T4).

iv. Quadrupcle echo technigue

Conventionzl Fourier transform (FT) NMR consists

.

in zpplying 2 single pulse (usuzlly 90°) to«a sample

#*

The word linewldth refers tc a representative guadru-
pole splitting glving rise to a line having such &
width arising frem a distribution or superposition of
quadrupole splittings. ’



A\

“in a magnetic field under conditions that would tip
the mdgneti:ation in the rotating frame by the chosen
angle {(08). Immediaiely after the pulse, the magne-
tization recovers towards the initial equ;librium con-
'ditions)and the decay of the hagheti:ation in the y-
axisu¥§ recerded as a-function of time. The signal,
called free inductién decay (FID), varies acgardins

-

to the transverse relaxation time T, (Fig. ¢al:

3]

.

-~
c
=

|

—= = - - - (19)

+]

(19

+)
oy
[{"]
l[l
[
o)
’_J
7]
cr
j
[
3

Tourier transformed from the tine

£l
QO
=
{1
'.J
ja
,,J .
t
O
ct
a3
1]

fregquency domain to give the NMR spec-

ct
3
o
o1
L)

r5)
~—
<

—r

- J' f(t)exp(i2rvt)dt : . (20)

where F(v) is the freguency function and £(t) is the
time function. , ‘e

When the linewidth becomes very broad, as in

3

the czse of “E NMR quadrupole splittings (liguid crys-’/ﬂ,f’”\f
: |

tals, solids), the value of T, 1s very short and the |\
# b
decay of the magnetization very fast. Since the dead-
datza o
time (time pericd after the pulse befcre acquisition

due to electronic limitaticns) of most spectrometers

Does not apply to the case where the’ linewidth is the
result of the superposition of small gquadrupoiée split-
tings.

-
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(a)

SIGNAL

(5)

Tig. 9. Typiczl free induction decay (FID) obtzined
after (a) 2 ©0° pulse znd (b) 2 90°2-1-C0%—z-Echo i.e.
guadrupcle echec pulse sequence (7€).-



is several tens of microseconds, much of the information
about these broad components may be lost (7o). The
accumulation of the spectrum becomes very time-consuming
or impossible. As an alternative, the quadrupole spin-
echo technique has been developed (T70}. The pulse se-
quence used in this technique is 90§—r-90$-1—3ch0.

After 2 time 1, a second Q90° pulse is applied but in

2 direction perpendicular to the first pulse. A com-
pléte-refocussing of the nuclear magnetizaticn called

a "quadrupole spin-echo" occurs at time t = 2« (Fig.

D
o

Y. Transformation of the signal starting at the tep

of the echo vields the complete spectrum aside from

3]

magnetic field inhomegeneities and relaxation effects.
Disterticns in the “H NMR lineshazpe may 21s0
arise from excessively leng ¢0° pulses which results
in an unequal distribution of the rf powér zeross the
spectrum. As an example, for a 25 kHz quadrupcle’

splitting, z pulse length below 5 usec should give rise

in the outer wings c¢f the

8]
3
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ct
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ct
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cr
+h
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th

1 .
(d) 3 P nuclear magnetic resonance

Phosphorus-31 is a2 naturally abundant (100%)

spin-1/2 nucleus whose NMR spectra, in anisotropic



media, are affected by chemical shift anisotropy. The

nuclear Zeeman Hamiltonian S}n be represented by (77)

\

A o= mysyE (1 - o)1 (21)

.
-

[

where Sy is the nuclear g rfactor, SN the nuclear mag-

neten, ﬁo the magnetic field, ¢ the chemical shift

~

tenseor and I_ the nuelear spin operator in the =-direc-

-

tion. Solving the Hamiltonian for an oriented sample,
the angular dependent frequency v(e) of the resonance

has a2 value:

) Y o=z .B,..5 - . o= 2 -
vie) Sy Eyiiy- /1 °; scf3cese 1 .
—_— - (22)
h 3 e
where ¢, is the iscotropic chemical shift value . A¢ is

-
k.
Fad
-

the difference between the chemiczl shifs tensors when

)

the magnetic field ié p;rallel (¢,) and perpendicular
(e} to the directeor axis (possible heczuse of fast';ve-
raging abcut the director axis), and & is .the angle
between the magnétic field znd the director axis.

In z multilamellar phospholipid dispersicn, a

powder spectrum is cbhserved, resulting from the sum of

the resonznces at 2ll zngles 6 (Fig. 10). The diffe-

-
-

rence between the chemical shift tensors rc = cJ - !

C.

iz a measure of the degree of order experienced by the
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Ty o

Fig. 10. Theoretical '31!3 HMR powder pattern for z 'tila-
ver type cf dispersicn. The two chemical shift tensors
Cg and ¢, correspend to the left and to the right of
the powder pattern, respectively.
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phosphorus nucleus:

—

D]
L2
s

The orientation of the chemical shift tensors o,, and

o is illustrated in Fig. 11 for a phosphate segment

3

W}

i

23
/)

a phosphelipid molecule. :3 is the order parameter

14}

+
lig

for the direction defined in Fig. 171. However., a change
in ac¢ is not necessarily due to a 3§§§ge in order; a

. X : - '
perturbation in phosphate symmeltry may affect the gra-
. - -
o

dient tensors with no corfrelaticn with the degree of
order (77). .
| In practice, P NMR spectra are not neramally
used to monitor orcer (due to the dﬁfficultyirx édiffe-
PP o amd cvmmetpr offent .
rentiat etween crder and symmetry effects) but to
probe phase changes frcm'ﬁilayer to hexagonzl where
the values of &c¢ is reduced by a factor -1/2 (78).
Thus, & clear difference in the shape of the spectirun

is observable.
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IT. THEORETICAL DERIVATIONS I

o

A, Calculation of amount of iocal anesthetic in each

formand in each phase

The different forms in which the local anesthetic

can find itself are

-+
i B
- A w
et
X
-+
AL
M
g
et N .y
AR and AE, are the
W - L
loc

‘represented by the rfellowing scheme:

Nay % . o
—_—— AL ol
Lt 24
R ( A )
%
Y

positively charged farms of the
. o .

the water and lipid phases, respec-

are the uncharged forms o¢f the
-

respectively. - The ccnstants ¥ and X° zre the partiticn

coefficients of ezch form which are defined zs:

-+
L
+

154
(aE ]

R He :
where {Ahz] and [Az

] are the totzl_ concentration of

charged znd uncharged loczl znesthetic in the lipid

m

h

‘o

se znd [&E" ] znd

and uncharged loczal

1 the concentraztion of charged

znesthetic in the water phase, res-
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pectively. The experimental partition coefficient KE
is given by (assuming that K* and X° are concentration

“independent):

where x,.+ and x,: are the mole fractions of the charged

and uncharged local anesthetic, respectively. The cons-

tant K_  1s defined as:

- - Tqpnet
K= [AD)[ET)

~ _'+
[Anw]

P
[AS]
-1
~—

ané its nogatiie logarithm corresponds to the pKa 'élue;
Knowing the pK, value of the local anesthetic

and the partition coefficiontS‘at t§5 different pH

values, thé anount of loeczl znesthetic in eagh form

can be czleulztyed. Considering two pE values, pHT and

on2, the partition coefficients for the charged and

uncharged species zre given bv:

-

o+ A+ oq N Yl .ff]"
: ; T

(857, ] \ald

{
: ‘ (28)

:{.4' _ [ﬁ'+ ] r(: - [ < ]
2 = AR 2= Al
I : -

aEn,] | el

- s 3
A f



I
+

The total concentrations in the lipid phase at each pH,

[Atn1] and [A; . .] are:

te 2
Y . R + _ oeipas Lt + ¥ .
\ [ag ) = [A74) + [aBT,] = X704, a.[AHw11 (29)
[a,ia] = [ATA) « [ART.) = K7[al.] « £7(ant) 0 (30)
Apeal = L340+ LAR -] = A2 NOLAL S .2
From’Sq 29,
W Th +re ot
LRT = Lagy ]l +las ] - KTTARS, ] -
. (31)
[-'\{;1]

~

Introducing into Eq. 3Q:

(Al

Lok : st _ptrant : -+ §:+--
iod = LA T = /0as I+ DaR 1=K TaE  IN[& 5 1+K T [aH 5]

tAgd N (32)

A%

- and rearranging:

+ _ .t _rat n 1 N
X0 = Dag,0la 0] - [AG004:, 4] (33)
+ P + é : .
Cak 10471 - [aH 104 ]
‘ Similarly, the partition coefficient for the uncharged

: -+ et

Cagy 10801 - (887,108 ]

(34)

*
x* and ¥° are assumed to be independent of pH.
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From the values of the partition coefficients
X% and K:, it is possidle to calculate the amount of
local anesthetic iﬁ each form and in each phase. The
. total amount of local anesthetic At in the system is:
ol : ait .+
R T R ¢ A v AHL e AR (3%)

-~

Using Egs. 25 and 27, this equation can be transformed.

A, = AL /1 £ RV o+ 4 o+ akYV -
e RS K N Yy 2 an Ve £38)
Vv v
w w ./
pX_ -pH - e -
where ¢ = 10°727FP% 244 ML and Vw are the volumes of

the lipid and water phases, respectively (corresponding

to Mi and M ). This vields:
. w

AT = AV .
W C W .
V.1 + @) +'v£(K: + ak™)

S K A,_Vi

Vi (37)
: = el
gt - ptept . *
E, = KTRH'V, .

v

W
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-

and the amount Qf local anesthetic in each form and in -

each phase can be calculated.

4]
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. 2 -
3, Calculation of partition coefficient from "H NMR

variable linewidth

In the ¢ase of fast exchange of a local anes-
thetic molecule between the lipid and water phases, the

observed “H NMR Yinewidth or quadrupole splitting_Avobs

is expressed as (Eg.18):

AV ng © {1 - xl}avw + X av, (

)
o
~—

where av, and sv . are the values of linewidth or qua-

drupole splitting in absence of exchange in the water

s, respectively, and x_, is mole

L

the
fraction of lccal anesthetic in the lipid phase. Ex-

pressing in terms of amcunt of lceal anesthetic and

zssuming only one form cof loeal znesthetie, EZg. 38

becomes:

where Ai and'Aw are the zmounts of loczl znesthetic in

the lipid and wazter phases, respectively, and At the

totzl amount of loecal znesthetic.

"? - . - - - £y
The partition coefficient KD (Eg. 1) is related

to those amounts:
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K = Alvw .
P (40)
g
van
and rearranging:
A, = A_ - A, = K.V A,
i t ‘\ i W (u1)
v
W N
A, = AV,
KV, +V '

Introducing those two equaticns inte Eq. 39, the fol-

lowing expression is obtained:

Vw = RpVi(AvL - Avw) 1 - X

- v
d/\\ﬁ Mobs & w

. ~ '
which can be.used wien the volume of the water phase

0¥y (43)

is varied. | £ of V sv.)) allows the
s varied 4 plot of V vs 1/(Agobs W) allows th
determination of the partition coefficient (intercept)

ané of the linewidth of the lipid bound species Ly,

(siope). & similar expression can be used when Lhe

zmount of lipid phase is varied:

| X
= ot -2 (44)
v, Vv av = by, V. C
W W
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L. Calculation of "H NMR spectra in the presence of
k)

exchange -
' Using modified Bloch equations (79), expressions
have been derived to calculate NMR spectra in the pre-

sence of exchange between two sites whose  transverse
relaxation times T, are equal (50,81). This theory has
been modified here for sites having different values

of T, and used to c¢calculate spectra resulting from ex-

change between a guadrupolar powder pattern and a sin-
L]

The magnetization in the x-y plane of species A
+ iv, where

Ssle resonance.
= i and M =

= Uy + iv, and Mg o= us_
ation

and B is given =zs Mq
U ané v are the two components of nuclear magneti
in directions perpendicular te¢ the magnetic field (§1).

From the modified Bloch equations (79), M, and M; satis-

fv the equzticns (no saturation):
h B i M -1
C‘...A 1 1 Aw duw .1.‘:‘1 ...u:.]MO
+ - + — =
T
ét [ Top - 2
. (45)
dMB _1 i Luw S MB -1m1.o
+ |- - - — =
‘TZE 2

dt
where ng and TZB are the transverse relaxation times
A and B, respectively, tw is the

of the species in site
difference between the average frequency of the two
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" species in absence of exchange and the observing fre-

Y

quenéy:

[ ]

(48)

dw IS the difference in frequency between the two spe-
) amplitude of

cies in absence of exchange (”A -
ficldé )

o
=

1

Y, w Y

is¥the aprlied

radiofﬁequencfyénd MO the original‘magnéti:aticn (z-di-

rection).

) £

These equations were solved following the method

of Gutowsky and Holm (30) to vield the tatal magnetica-

tion M in the presence of exchange:

M

N _ ~
lu1ic (“A + 7T

~—
amB

'
—3
~
3

where « - i(aw +~ §w/2) 2nd a

(aw - &w/2), 7, and . are the residence

-
=
=

respectively, -p, and p. the frzetions’™o

-
-
=

vy

pectively:

=
tn
ra
Lo

(L&)

Expanding Eg. 47 and dividing both the numerator N and

the denominator D by <, + 1., We obtain:

A
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i . _ o C
Tﬁq T, 2
) - Y.
D = Py Pg T 1 Aw” Sw\ "~
+ — - * | —

Taa o Tas T2aT2s =/ /.

- ilsw/Y + =/ 1 1
— o —— (sQ)
T2a Tos

[ ]

19}
Mg
]
[49]
trl
\“-\_

where

1

D* znd retzining only the imaginary part v, the finzl
expression for the intensity is cbtzined:
w{e) = e M (PS + QR
() = eqM (RS + QF) (52)
P2 + Ez
2 Z
where P =rp Pq T 1 Auw Ew
L B - +
T Tz TanTaz 2
24 28 2L728



R = aw/1 + t/ 1 1
— e ———
T2a Tos
(53)
Sw _DA-—'_:‘E-*:T_'I
-~
: T2a Tzs
S =1 +« zp.
5 Pa
. ——
‘24 ‘'z
This equaticn can be applied tc the exchange between a2

guadrupole splitting

ct
]
¢
Lo}

of spectrum zand a single line.

In-order to czleculzte

cr
ja 3
o
[¢1)
)
R
(7]
0
ct

of exchange on that

ensity of the quadrupcle spiit-

ctr

kiné ¢f spectrum, the in

'.Jc

S Was acconi-

)

ting rescnznces must be calculztedé. Th

N

'

plished by defining 2 reduced frequency £ (6

§, = v, - (senﬁofh) 300526 -1
- — 5 =t — (54}
(374) (e qQ/h)SCD 2

the probzbi-

[1i]

o]

.
+

where 1 2 5 2 =1/2 and -1 ¢ £E_ g 1/2



ople)) «
- (55)

-

Those probabilities are plotted . in Fig. 12 and it is
seen that when -1/2 < £ < 1/2, p(&) is the sum of p(
and p(f_ ) but when 1/2 g £ & 1 or =1& € ¢ =-1/2, p(g)

corresponds to

r)

(g.)or p(g_ ), respectively.
Dividing the gquadrupcle splitting pattern inte
its line components of angular freguency mqand Lrans-

verse relaxation 'tine Ték’ eac¢h line ¢an be treated

as a2 doublet in exchange with a2 centrzal single rescna

[0]
)

angular frequency wn and transverse relaxatien tim

[ ]
ha

- The resulting intensity is calculated using E4.

-
-
=

(%)
gV]

}

which nmust be multiplied by p(wq); It is pessible

to vary the linewidth of the powder pzttern compenent

across the spectrunm:

- ° S -
1724 T 81725 * 4Vqjpy 3e0sTE -

- (56)

Av

)

where &v,.% and av.,' are ti intrinsic and zangl
h tvy7s, 2and 2 1724 2F¢€ the Intrinsic and angle

cepencent linewidths of the quadrupocle splitting com-

ko]

ct

ponents, respectively, from whiech the ng values can

£
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Qe

e
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A computer program has been written making use
of these equations and is given in Table 3. Also in-
cluded in the program is the calculation of “H NMR

» spectra’ in the absence of exchange (65).
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TABLE 3

Fortran program to simulate “H NMR spectra if

-

and/or presence of chemical exchange

WUADEXCH FROGNAM TU CALCULATE DEUTERIUM RMR SPECTRA™
IN THE ARSENCE OF EaCHaNGE AND/OR IN THE PRESENCE
VUF EXCHANOGE RBeTwEEN a4 QUAUDRUPULE SPLITTING anND A
SINGLE LINE w~ITH FOSSISLE aDLRLITION QF SPECTRA
WUADRUPQLE SPLITTING LINESHAPE CALCULATED ACCORDIVe
SEELLIGes QUART. REv, RIUPHYS.s 1977¢ P3IS3 USING

A LORENTI1IAN LINESHAFE FOR EACH COMPONENT
USING THE THEORY
PHYS.e VYOL S

TC

1956 Pl228

OF GUTORSAY Aivd HUOLMe Je CHEM.

wooIFlto Faw \ahiASLE LINEWIOTH
INPFUT PANAMETERS .

NQUAD = NUMSER OF auhoﬁuchf SOLITTINGS NOT IN

NEXCH = NUMBER QF QUAURUFOLE SPLITT

A SINOGLE LINE

NUMEBER OF POINTS

SWEEF wIUDTN IN W - L

GCC = uaADRUPULE COUuPLING CO\bTAVT IN HZ .

CQ = QuabDkrUPOLE

SEXCHANGE —
INGS IN EXCHANGE wWITk

XNP =
Sw =

SPLITTING IN HZ *

SIGMAYl = INTRINSIC LINEWIOTH INeHZ.-

SIoMA2 = ANGLE UEPENDENT LIMEWIDTN IN nHZ . =
PROB(NWY = PRUDABILITY OF THE QJUaDRUPQOLE SPLITTING NQ

TEXCHU = RESIVDENCE TIME OF THE LJUADRUPOLE SPLITTING IN sSEC

TEXCHNL = RESIDENCE TIME OF “THE SINGLE LINE IN SEC .

XLw@ = INTRINSLC LINEWILT» OF THE GUADRUPQLE. GPL‘ITING_LA_nL_;"_m

ALwVu = ANGLE UEPEWUDENT LIN&NIOTH OF THE QUaADRUPQLE:
. SPLITTING LN Mz
XLwl = LINEWIDTH UF THE SINGLE LINh IN HZ -
PROSINT) = TOTAL PROSASILITY OF THE QUACKUPOLE SPLITTING .
AND LINE NT IN EACHANGE )
FIELDZ2 = aNGJLamr FREJQUENCY OF TwE SINGLE LINE IN SEC =2
CUTHUT HaARAMEITERS
SPECT(I) = INTENSITY AT PQINTY I -~ - -
FRES(I) = FREQUENCY a7 PCOINT I 1IN m2Z2 -
SPECTRUM CENTERED AT FREQUEI) = 0.0
DIMENSION P2 (10QLl) «FIELUCLIQ01) «DFIELD(1001) +SFIELDC(1I001)
DIMENSION PUI001)+Q(1IQ1) «RII00L) «XNUCIQO1)+ELIQ01Y»T2RICIO0L).
OIMENSION EINT(I001) vEXINT (1001001 ) «FHEQ(1001)+85ECL10012 .
SO TMENSION ;aggclo),PRUB(LOJsSPECT(lOUl)-SIGHA(IOOl)vStloclp

- READ(Gs 111 NUUAD

Py

JATA FleLi2s0.0/

SEAD(Es 11 INEACKH
READ (G 10 ANP

READ(&210) Sw

READIsme i) 2CC e e e e
NP =XNP '
FORMAT(F 1649} -
FORMAT(IP)
K=NPs2e]
PIz2e®2tRCUSLY)
PROBT=0.0
NTOT= NOUADO&&XCH
NP=NP+1
ST——Sw/(..S’OCCJ
D1IF=2.25T/XinP -

- O
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0005400 DO 140 Ix=lex

0005500 - E(ly=ST .

00U5600 FREQ(I)=E(I)*y. 7s-ncc

00US7Q00 . . J=NP-Iel o —

00u5800 E(J)==E(I) R
0005900 FREQ(J)==FREW(T)

00vs000 SPECT(I)=0.0 ‘

000510¢ . = SPECT(JI=0aU D —
0005200 ST=ST-DIF L ;

0005300 140 CONTEINUE .

0006400 IF¢(NUUAD. EQ.OJGO TO 110 .

0006500 . DO 100 NQ=1+nNUQUAD . . | —
0006600. . READ(6+1000 - . : : .
00085 70LY . READ(6+10)SIGM . ;\ : ' . '
00064300 REAP (69 10)SIGMATZ F .0 . :

0006900 . _ | READ(6+10)PROY(NQ) e N : o

0007000 ER=DQ/ (V. 7T5"2CC) ' o

Q007100 . SIGMALESIGHMAL/{0.75*QCC*ER) ' :

0007200 SIGMAZ2=SIGMAZ/ (0. 75'QCC°ER!_ <

0007300. ¥ | AREA(NG)I=Q.0 . e - —
000T«00 DO 20 I=leX .

0007%00 - VAL=E(I)*2./ER o , :

00uUTe00 IF(ECI) «LE—ER)GO TO [2 .

0007700 e IFLELIY eLEWw=ER/2.1G0 TO. 14

0007800 PELLI)=14/SURTIVAL+14)*1./SWURT (=VAL*]1, ‘ 7
0007500 GO TO 1b ‘ - T
0005000 le PELD)= I.ISQRT(ASS(VAL¢1.)) ‘ ( .
000s5100...... ... 50 TQ 18 . I :

T 000R200 12 PE(I)=0.0 : '

0008300 18 S:GMA(:J=SLGﬂA1-SIGMA2~th:/ER .

0005400 EXINT(NQe¢I)=0.0. .

0003500 e =NP=Ie] - e —_— -

00uUSe0U PE(JI=PCc (1) , .

oous 700 - SIGMaYJI=SIGMa(l) 3% L.

0008800 EXINTWNG.U) =0.0 7 : -

0003300 20 CONTINUE Y L L

0005000 . DO 30 I=1lsx - Ny .
00vy100 ‘D0 32 J=1WNP \ .

0009200 &y sscI:—PE(JﬁthI-SIGHn<J>-(1.oa.o(cE(Il-E:J})/ER:--a/sxsnatqwcwza)
0003300 . ____ EXINTINWGIII=EXINT(NQsI)eSE(LF) _ _ 7

0005400 - Anancncs_aasncwoaosstz) _ . N ' .. .

. 0003560 . 32.CONTINUE . N _ ) .
0003600. T JR=nP-To 1’ - \ oo f/"*‘\\
0QOTV0 . _ EXINT (MR JRIZEXINT (NQe 1)L s

~ 0005300 30 CONTIS , 7 .
0005300 - — AREA(NQIE2Y AREA(VOJ—&XLNT‘RQ;Q) / ’ o S :
0010Q00  1Gf CONTENOE o B o _ o
ogilolod- . IF(\ExCH._u.OTGO TQ 1ao~.ﬁ___ — . : : -
0010200 » 110 3 142 I=1e% . ' : R \-
0019300 . ‘% ISFREQ(I)=2,4P] o - .

£ 00104007 DFIEL cI):(E}ELg}I)-FIELOEJ&E. S \f
0010500 . . TELD (I =¢ LOLIY+FIELD2)Y SO S M
8010500 § - -D=nP-] ¥ .Ig .- T . %
. 0010700 ' * FIELD (IOE-FIELD(M . : a 2~ ~ - .
0010600 192 CONTINUE A [ /4 .
.\3010900 .+ 00 130 "NE=1sNEXCH . ,HJ_:/“//' . {
011000 5 NT=GEGUAD*NE ;0 r ; .
woorlloo;f___p_REAo(e,ln:ou L S
o0ll200 ~ i (62103 TEXCHW, ° . ’
0011300 ,. . D (P 101V TEXCHL i . 4
0011483 & ‘READ( 3100 XL AU 5 o \
_00115 Y e READ{&10) XLAVG —ee s v e O
0011600 _ READ (v O XLwL TN
- 00L1700 - READ(G6+1O0NP (NTX - ‘ : .
Q0011800 ., ~ STEXCH=TEXACHURTEKCHL , Py
-0013900 .0 . .TAU=TEXCHC®TEXSRL/STEXCH - . -
P ] - gt b
~ . oo ""\ . : . < \ E
- i : S \}’ -~ ’ . A o~
. v ’ N ¥/ : + . \‘ N .
ﬂ < Cae < v ' ) -
’ " . R . "
N 127@ o : S Py .
. v - 8 ]



012000 . PO=TEXCHO/STEXCH
012100 PLETEXCHL/STEXCH
pl1z2200 T2LI=2."Ple*alwl
012300 . DPEPU-=PL e e e e
012400 ER=DR/(0.75*QCC)
012500 TOTAL=0.0
012600 AREAINT)Z0.v .
ol12T100 T 00 21 I=lex- : . S, e
012300 VaL=EtI)*2.s7ER - A
012990 IF(ECL ).LE.-&R!GD TS 13
Gl3000 IFIEC(IY e LE.=ER/2.1G0 YD 1S -
3100 TPE{IY L a/S5ART{(VAL+]). )01 ZSQART (=VAL=1la)o . R
3200 GO TO 19
3300 15 PE(l1)=1/SORT(ABS(VAL*1.1}))
3400 - G0 Tu 19
3500 13 PE(I)=0.0 , - - e v
3600 19 TOTAL=TOTAL«PE(]) Ve
2700 T2QI (1) =2 Pl (XL wQ=XLWVYQRQ®*E(]I)/ER
3800 S(I):l.*TnU'(PL’TEQI(I)OPQ'T LI
3F00 . o EXINT(NTS1l3=0.0 7 .. ... —
000 21 CONTINUE

- §
—
o
=]

DO 44 KE=1.K

DO 42 I=leNP.
-P{I}—TAU'(TZGI(K;)OTZLI-tSFIELD(KL!—FIELD(I))'tZ:DElELDL&E}!_al-PQ-
e 720l (KEY+PL®T2L]

QII)=TAUT (SFIELD(KE}Y=FTELD(I)-0OP*DFIELD(KE)})
RLI}—(SFlfLD(KE)-FiELU(IJ!0(1.‘TAU'TTEQI(KEJ*TZLI))*DFIELD(KE)°(D°-
“2sTAUS(T2LI-T2QI (KEX )}

ANULERY = ((lo*TAU'TEINV)‘P(I!*Q(I}’R(I))/(P(I)"Z*h(I)"Z)
EINT(INR=XNULI)*PE(RKEI/ZTOTAL

«s20 . .

000000000 ACO000OCO0O000000R000POODO00OQOCO0O00

000000 CO0OC00NO0DOOCO0000O0DO00000O0O0,
O U S e e e o ol o
£
[hy
(=]

[ =3

800 . EXIVT(NT.I)-EXINTfNTOIJ‘EINT(I}

e300 2 CONTINUE . e e e N
5Q00 &4 CONT INUE : - ) ) -
5100 . 30 70 I=1.K . . L
3200 L=NP=1+] !

5300 _"___“XINT(N1'IJ“EXIVT[NTOIJ°:XINT(NT9LJ-EINTLIJ

S&40Q 708 CONT INUE

3500 M=K ="]

3600 DO S0 J=1sM

5700 I=<ed - e e . .
5800 L=K=-J

5

500 > EXIMT(NT.I)-EXINT(JToL)
5000 AREAINT) =AREA(NT) sEXINT (NTe1
0015106 50 CCONTINUE
0015200 AREAINT)I =P . *AREA(NTIEXINT(NT 9K} ' ~
0016300 130 CONTINUL , e — :
, 0015400 120 00 144 I=1eNTOT ;
r 0016500 PROBT=PROBT+PROB(I) . .
0015600 144 CONT INUE _
) =00 147 I=1eNP . — _
o . 00 1485 J= IQNTOT .
o SPECT(I)_SPECTcIJoPRostJ)-ex;NT(J.I)/cpnoer-AREA(JJ)
145 CONTINUE

147 . CONTINUE
. WRITE (8+17) (SPECT(I) JFREQ(I) vI= =14+NP}
174 FORMAT(GE13.6)

50 STOP )
i END .. . e = e S
. . ! e
- - . *
3 - ) . -
v -, . S
. . X ) o 3 .
. 'R ) & - B - \ -
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III. EXPERIMENTAL ‘ :

A. Material§,

Proeainghhydrochloride (PRC) and tetracaine hy;
drochloride (TTC) were purchased from Sigma Chemical .,
Company, Saint-Louis, USA. Fhosphatidylethanclanine
(FPE, eés velk), phosphatidylcheline (PC, egg yclk),j
phosphﬁtidylserine (PS, beef brain) and phosphatidyl-
inositel (PI, wheat germ) were cobtained from Lipid
Products, Surrey, EZngland. PC was also extracted fronm
esss (82)‘0; cbtained from Pfanstiehl Laboratories,
Waukegan, USA inlan unpurified form. PC-5-3L was =2
genercus gift of P. Laks, Simon Fraser University,
Surnaby, Canada. 1,2-d;palmitosl-dsz-gg-glycero-3_
phesphecholine (DPPd—dsz) wa$ purchased from Lipid
Specialties Company, Boston, USA. Phosphatidvlethanols

amine-2,2,3,3-du (PE—du) was a generous gift of M. G.

v-.]

ayvlor, Nationzl Research Council, COttawz, Canada.

‘U

almitic zeid-2,2-d,, palmitic acid—6,6-d2, palmitic
acia-12;12-d2 and palmitic acid-16,16,16-d3 were syn-
thes;zed according to a published grocedure by Dr. A. P.
Tullocﬁ, National Research Council, Saskatoon, Canada

f(83)¢ Palmitie a_cid—d31 was obtzined from Lgroaan Fine

LY



Chemicsls, Malmd, Sweden. 1-palmitoyl-lysophosphati-

dylcholine ‘was obtained from Serdary Research Laborato-

. .

ries, London, Canada. Iodomethane-dB, dimethylamine-d6

.and deuterium oxide (99.7% d) were purchased from Merck.

Sharp and Dohme, Pointe-Claire, Canada. p-Nitroben-

zovlchloride, dimethylaminoethanol and hexadecyltrime-

thylammonium hvdroxide were obtained from Eastman, Ro-

chester, USA. Dicyclohexylcarbodiimide, N,N-dimethyl-

~
v

‘ adinopyridine and deuterium depleted water were pufcha-

sed from Aldrich Chemical Company, Milwaukee, USA. Si-

licic. zeid (Bio-8$il) was from Bio-Rad Laboratories, -

Richmond, USA. 1Ion exchange resin (Rexvn 102) was ob-

taiﬂe@ from- Fishér, Pittsburgh, USA. | Thin layer chro-
matcgraphﬁ was performed on precoated Merck silica éér
plates. All sol;en;s used fdr chromatography were dis-
tilled prior éo use. Al1 cther chemicals were.analy;ical

rezgent grade.
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B. Syntheses
(a)'Procaine;d2 and Tetracaine-d,

Procaine and te;racaine (5 g) were refluxed in
DEO (100 ml) with 3-4 dropS of DC1 for periods ranging
from 45 to 96 hours for thé former, and of 2% hours for
the latter. The reaction was fclioweﬁ byA1H NMR until
most of the signal due to the arcomatic protsns ortho
to the nitrogen had disappeared. Water was evaporated
under vacuum and the residue recrystéllized from abso-
lute ethanol: m.p., PRC-d,.HCl 157°C, TTC-d,.HCL 46-

149°C; analvsis: TTC-d.,.ECI czld., C 59.49, B 8.3§8,

2
N 9.25, C1 11.70, found, C 58.99, H §.48, ¥ 9.i2, Cl
11.88; PRC-d,.HC1 cald., C 57.03, H §.10, N 10.23, C1

10.0¢, Cl1 12.72;

=

12.95; found, C 56.61, H 7.93,
both compounds éhowed greater than 0% d from 13C NMR.

{(p) Procaine—d,

Diacetamide was first prepared by adding acetyl
chloride (78.5 g;‘1.0 molej to acetamide (60 g; 1.0
mole) in acetie anhydride (100 g; 1.0 mole), while stir-
ring and hezting uﬁder a ref}ux conden§er. -4 white
§oigd separatéd slowly from the sclution and hydrcgen

chloride was evolved. After three hours, the :eaétion
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mixture was cooled slightly and bgnzene (300 ml) was
added. The yellow hysrbécopic solid was removed by
filfration. Ben:ene_was removed by,distillation on a
steam bath'and-aceticlacid by pumping an a vacuun line,
to vield a ¢rystalline product. Tﬁe cerude diacetamide,
(60 g; m.p. 77-78°C) was purified by vacuum sublimation
under 0.02 mm Hg from a2 bath heated to 65°C.I The hard
white crvstals melted at 80-8§1°C. |

| The diacetamide was reduced to the labelled amine
with lithium aluminum deuteride in ether. Twenty-five
grams (0.25 %ole) of sublimed rdiacetamidle :gp ether were
added dropwise (100 ml) to z suspension of lithium a-
Tuminum deuteride (10.0 g) in 450 ml of absclute ether

-

and the reazction mixture was stirred for 10 hours. The
complex salt and excess deu;eridé were decomposed by
careful addition™~ef 3 N hydrochleric acid until the
reactionmixture was acidie. The ether was then evapo-
rated, and the resicue made_al%aline by additicon of-SO%
scdium hydroxide before distillation wi:éxiiiam. The
distillate was collected in 20 ml concéntrated -hydro-
chloric acid diluted with 60 ml of water. The distil-
lzte was freed of water and excésé acid in the rotary

evaporator under reduced pressure. The residue was

dissolved in 300 mi chloreoform and distilled for zzec-
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tropie elimination of the residual solvent. Suspeﬁded
ammonium c¢hloride was removed by filtration and the re-
sidual chloroform evaporated. The vield of ‘light brown
diethyl;mine-1,1,1',1‘-du hydrochloride was 22.5 g.

The free b as obtained By adding 50% sodium
hydroxide to thel salt inlan evacuated system and ¢on-
densing the libenzted hsse in a3 trap cooled in dry ice.
The diethylamine-1,I,1',1'-du was dried over a few pel-
lets of potassium hydroxide and redistilled intc another
trap. The vield was 10.0 ml (mass analysis: 85% dy
65.5% d3,'$inor amounts of d, and d1)."

Diethylamine-1,1,1',1'-d, (10 ml, OTTO mole) was
reacted for one hour with an equiﬂolar amouﬂt (5 ml,
0.10 mole) of ethvlene oxide contzining one drop of
water in a2 rcund bottom flask at déy ice temperature
(84). The flask was then heated in z water bath (50-69
°¢5 for 20 hours and finally the diethyl-1,1,1',1'-du-

amincethanol was distilled on a vacuum line.

Diethyl-1,1,1",1'-d,-anincethanol (7 g, Q.06 mole}

was dissolved in dry benzene (100 ml) to which, were-ad-
ded p-nitrobenzoylchloride crystals (15 g, 0.08 mole)
followed by refliux for one hour. After cooiing, the

crystals were filtered and washed with benzene.

Tbglresulting 2—diethyl-1,1,1',1'-d4;aminoethyl-
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u-ni£roben:oate was dissolved. in methanol, the solution
placed in a beducins apparatus w;th 0.2 g platinum o-
xide and §haken undeq‘25 p.s.i. of hydrogen for ca 15
hours. The platinum was removed by filtration, the
methanol'evaporated under ?educed pressure, and brocai-
ne—du.recrysﬁalli:ed from aﬁsslute ethanol (m.p. 153-5°C,

* ‘I-- - : = [ -n‘A
35% d from H NMR; analysis: C S556.8¢, H 8.02, N 10.36,

)
=

1

g8}

2).

(e) Tetracaineﬁd3

A soluti;n of 3-chloropropene (60 g, 0.5 mele)
and dibenzoevlperoxide (2.0 g) in bromotrichloromethane
(300 =ml) Was heated under reflux for six hours. Excess
bromotrichloromethane was then removed under reduced
pressure (6.0 mm Hs) in a rotary evaporazter. The resi-
due was fractionated in z Vigreux column with partial
take-off stillhéad undér 0.1-0.2 mm Eg and ccllected
in a2 receiver cooled in ice-water. The vield of 3-bro-
mo-1,1,1,4-tetrachlorobutane was 188 g (b.p. 46°C/0.1
mm Hg) . S—

Acetic anhydride (100 ml) was shaken in a2 sepa-
ratory funnel with deuterium oxide (10.0 ml) to remove
traces of acetic aéid. It was then stirred in a2 250 ml

round bottom flask with deuterium oxide (21 ml) to
s
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which a drop of acetyl chloride.had been added. The
splution was slowly heated to beolling to génerate é-
cetic acid-d,. | | '
In a SOO'ml round bottom‘?laék fitted with a

thermometer, a separatory funnelt gnd reflux condenser
te which a spiral trapand a drying tube were connected,
were placed zinc dust (50.0 g) and acetic acid-d, (75 ml).
The spiral trap was immersed in a2 Dewar cocled with dry
ice. \1,1,1,U-Teprachlorg:S-bromobutane (6c.Q 5} 0.22
mele) was added drop%ise to the stirred zinc dust and
acetice acid—d1. “An exothermic reaction occured with
evolution of deuterated butene. The rate of additien
of halide was adjusted to keep the reaction mixture at
§0-00°C. When the addition of halide was completed,
the apparatus was 'swept with a current of dry hitrogen
or argon. The vield .of liquidA‘l-but‘..en_e-h,u,L‘r—d3 in the
trap was 10.8 g. -

_Dichlorometﬁéne (50 ml) and dibenzoyl percxide
(2.0 g) were placed in & 300 ml glzss tube and attached
to a vacuug line througb a U-shaped trap.. The contents
of the tube were frozen in lfﬁuid nitrogen and evacua-
ted. 1-Butene-4,u,u-d3 (25.0 ml) was distilled intc
the tube from the trap. The tube Wa.s allowed to come

to -10-0°C ard addition of hydrogen bromide from a cy-
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s

*turned pale vellow (rfree bromine). SN

linder was started while stirring and cooling in ice-
water. The pressure in the system was carefully moni-
tored with a manometer. Arter three hours, no more hy-

-~

drogen bromide was absorbed and the'réaction mixpuﬂe\
\ -
The reaction mixture was stirred for one houﬁ}
washed with water, dilute sodium disulfite, and water,
and dried over anhydrous potassium carbonate. The sol-
vent was distilled in a suitable column (spirning tand
or conéentric tube type). After collecting 1.0-1.5 ml
of a mixture of n- and iso;butane, pure 1-bromobuténe-
4,%,4-¢5 was obtained at $9-100°C/760 ma He (vield,
26.5 g). .
p-Aminobenzoic acid (8 g, 0.06 meole) was neutfa-
li&ed with potassium bicarbonzte in water until disso-
lution was complete. 1-Eromobutane-&,k,k-d3 (7 é, 0.05
mole) was added, and the solution refluxed for about 5
hours. Two products afe obtained, N-buﬁyl—ﬂ,h,u-d3-p—
aminobenzoic acid and N,N-dibutyl-ﬂ,k,u,&’,u‘,u'-de;p-

aminobenzoic acid. The soluticn was made acidic and

the precipitate was filtered and washed with methylene

chloride to remove the N,N-dibutyl-4,4, L Lt 4 Lt-d .-
p-aminobenzoic zecid.

The residue (7.3 g) which contained unrezcted

g

S0
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p-aminobenzoic acid and N-butyl-4,H,ujds—ﬁ—aminoben:oic
acid was put in a réflux apparatus with an excess of
ethanol (100 ml). The §olution Wwas satutated with HCl
sas (2 hours) and refluxed bvernight‘under a slow stream
of HCl.‘ Ethanol was evéﬁorated and the resiaﬁe dissol-
ved in water. Sodiunm acetate.was added to npeutralice
the soluticn and to precipitate ethyl N-butyl-u,u,h-dsu
p-aninobtenzcate. When the {irst traces of red appeared
(due to ethyl p-aminobenzoate), the solution was filte-
red and the product dried at room temperature.

The ethyl N-butvl-i,4,4-d.-p-aminobenczoate was

1)

transesferifiéd with an excess of dimethylaninoethancl
(100 =1) and sodium ethoxide as catalyst for 10 hours.
Ethanol was evaporated under feduced pressure ané the
excess dimetﬁvlamindethaﬁo; was removed on & vacuum

he residue was dissolved in ether zand extracted
with 20 ml fracticns of an aéueous sclution of 0.1 XN
ECl. Wheg the pH became zcidie, the extracts were com-

bined, the water evaporzted, zand the t_etr'acaine-d3 re-

" erystzllized from ethancl (m.p. 147-148°C; analysis: C

56.04, H B.41, N ¢.33, C1 11.52).

(d) Tetraczine-d

7 N

' Dimethylamﬂpe-ds (5 g, 0.10 mole) was reacted
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>
with ethylene oxide (4.9 ml, 0.10 mole) in the same

manner ::\s~diet.l'iyl:—nnine:-1,1,1'.1'-c1.,4 {see procaine-duT
to vield 3.5 g of dimethyl-ds—aminoethanol (b.p. 134°C).

Dimethyl—dé-aminoethanol (3.5 g, 0.037 mole)

was dissclved in dry benzene and p-nitrobenzoyl chlorid

»

added (10 g, O.5¥‘mole). The mixture was refluxed for

<

one hour , ccoled, filtered and washed with benzene.
. 1 .

The product was dried and dissclved in water. The a-

quecus solution was filtered teo remove p-nitrobenzoic

acid, made alkaline with potassium bicarbenate, and ex-

- x.

tracted with ether. The ether sclution was dried over

potassium carbonate zndé the solvent evaporated,
The E—dimethyl-ds-aminoethyL‘p-nitroben:oate (6.3
g, 0.026 mole) was dissolved in ethanol with 0.3 g of

plztinum oxide and the hvdrogenation was carried out

(25 p.s.i. ez 16 hours). After z decrezse of 7 p.S&.1.

in pressure, bhtyraldehyde (5.6 g, 0.078 mole) was added

and the reduction continued for 24 hours. The residue

was dissolved in ether, extrazcted with aguecus 0.1 N

HC; §olution and the resultant-tetracaine-ds was reerys-

tallized from ethanol (m.p. 147—1&8°C; analysis: C 58.24

H 8.40, N 9.14, C1 11.17). :
_ . . | 4

R



- isclated and stored in methanol: chloroform 1:1

s e —— S [

(e) Phosphatidylcholine-d, .
. M . ",' ., N
Egs phosphatidylethanolamine (0.4 g) was mixed

with methyl-d3 iodide (1 g) in the presence Of potas-
sium bicarbonate (2 g) in chleroform: methanol (1:1)
(85,86). and_ the solution saturated with nitregen (10
min). The mixture was stirred at 40°C uﬁtil all the
PE had disappéared, as checked by TLC using chlorceforn:

-

methanol: water 65: 25: 4 {(rf: FC 0.3, FE 0.¢). When

)

the conversion to phosphatidylcheline-d, was completed,
the potassium bicarbonate was remcved by filtration

and nmest of the <clveﬂt was’ evaperated. Chlor

was added and vhe SOlUulOﬂ filtered again t

) S
DOu ssium iodide. The residual soluticn was chrofiato-
I'

\

graoheq cn a SlllC’C zcid column (15 g) eluted Wlﬁh ne=-

thanol/chlorofora (2-L40% methanecl). PC—dO was eluted

1en
N

ct
v

at L0% methanol zs indicated by TLC; . PC-d, was

m
t

1.. ’

-20°C ( no (CH3)3N signazl by H NMR).

(f£) Phosphatidylcholine-3,3,5%,4-d,"

PE-—d14 was obtazined by the action ¢f phospholi-
pase D and deuteratéd ethanolamine on egg PC. PE-dg
was then converted to EC-—du by reaction with icdomethzne

in presence of potassium bicarbonate following the PC-d9



synthesis procedure (see Section e). -

(2) 1—Palmitoyi.E-deuterbpalmitoyllgg-glycero-S-

‘.

(¥

phosphocholine

Selectively deuterated palmitic acid (1.27 g,

-

& mmole) was dissclved in dry carbon tetrachloride

- . (75 ml) and the solution added to a diecyclohexycarbo-
. diimicde (0.51 g, 2:5 mmele) solution in dry carben

tetrachloride (25 ml) (87). After 12 hours at room
temperatutre;, the precipitated}ﬁicyclchexyl ures was

- ,
remceved by -filtralicn and the solvent evaporated tc .
. vield white ervstals cof cdeute rateq palmitic anhydride
—1
: carbeXkylic anhydride).

n.
7]
fuy
cr
e )
~]
wun
O
14}
3
.
-
[#4]
—
(@]
[
H

(IR ban
1-Falmitoyl lysophosphatidvlcheline (50 mg, Q-1
B N ’ : '

- zzole), Teuterated palzmitie anhyéride (270 mg, 0.39
pewdered sodium oxide€ (3 mg) were
mixed in a dry flask under vacuum (88,8¢). - While stir-
ring, the mixture was hezted zat 60°C£ Periodiecally,
the reaction mixture was monitoréd by TLC (ehloroform:
methancol: water 65:25:84). When;the reazction was com-
pleted (12‘h6urs), the réadtipn mixturé was dissolved
ﬂn chlorof orm,'Lzltered a pplied to = sii icic adid -

chromauography column and eluted with methancl: chloro-

form (gradient.2-409 meuhanol) \\The fracticns contaﬂ-
; : J

. } : . w : . o

"
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v

ning -deuterated DPPC, identified by TLC, were collected

and evaporated (yield 50%).

{n) 1,2-Dipalmitoylid6,—gg—glycero-S-phosphocholine

Crude "egg volk PC (30 g) was dissolved in diethyl
ether (300 ml) and a 25% sclution of‘hexadecyltrimethyl-
ammonium hydroxide in methanol (30 ml) was added (90).
The solution was stirred for 30 min. and then allowed
to settle. The supernatant solution was discarded and
the precipitate residue rinsed with two 20 ml portions
of ether. The white solid residue was dissolved in
water (15 ml at 70°C) and the pH ¢f the solution was
adjusted at 4.0 with concentré%ed ECl. The sclutien
was treated with charcoal. Cadmium chloride (5.0 &)
was dissolved in water (10 ml) and the solution was
added along with 95%. ethanol (300 ml). 1The residuzal
milky solution was cooled and the glvcerophosghocheline

tated (vield 40%, TLC

cadmium chloride complex prec

’-Jn

e

+

in methanol: water 7: 3 rf 0.5).
The glycerophosphocholine cadmium chloride com- .
plex (100 mg, 0.2% mmole) was rendered anhydrous by re-

pezted evapcration of added dry benzene (91). The.sc-

'Jf

- ‘. - - -
1id residue was suspended in freshly d

-

chloroform (6ml distillied over P20

stilled dry

5). Pzlmitie anhy-

.
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dride-d.., (see Section 55(351 mg, 0.5 mmole) and N,N-
dimethyl-Y4-aminopyridine (60 mg, 0.48 mmole) were added-
and the flask was sealed under dry nitrogen. The reac-
tion mixture, protected from light, was stirred at room
temperature for about 30 hours. The solvent was evapo-
rated and the residue treated with methanol: chiproform;
water 5: 4: 1 (10 ml). The inscluble solid residue‘was
removed by filtration and the filtrate passed through
an acidic resin column (Rexyn 102). The column was
washed with two bed volumes of the same solvent and the
solutioh was evaperated and lyophilized Lo remové water.
. The residue was dissolved in éhlorofcrm and zpplied to
& silicic aeid chromategraphy column (15 g) eluted with
methanol£ chleoroform (gradient 2-40%). The frac;iéns
contzining DPPC—dse, identified by TLC, were collected

and evaporated (r.f. = 0.3 in CHClS: MeOH: E,0 65: 25: L).
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C. Methods

(a) Preparation of samples

Lipid solutions in chloroform: methanol were
exaporgtea under nitrogen andé placed under vacuum over-
night to remove the residual solvent. When deuterated
ahésthetics were used, the dry lipid and local anes-
thetic were dispersed in buffer by shaking with a vortex

.-mixer (5-10 min.). For the ESR experiments, or when °
deuterated lipid was used, spectra were first run in
the absence of zanesthetic. Thus, in these cases, the
latter was added to already dispersed vhespholipid.

Two buffers were used, a phosphate_buffer with a
DHE range between 4.5-8.5 and 2 borate-phosphate-citrate
buffer (BPFC) with z pH range between 2.0-12.0 (82).

For "H NMR szmples, these buffers were usuzlly prepzared

in deuterium depleted water to eliminate the peazk due

to deuterium at nzturzl zbundance in water. ‘
The phosphzte buffer was prepared by mixing two

solutions: (1) 0.025 N sodium phosphate dibasic Nﬁ?POM.

TE,O0 (1.675 £/500 m1), 0.1 N sodium chloride (2.925 g/

500 ml) and (2) 0.025 N sodium phosphate monechasice

NaH, P20, .H,0 (i.725 g/500 mi). The suitable pH was ob-

tzined by mixing solution (1) (pH 8.5) and soluticn (2)
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(pH 4.5) in the required proportions.

The BPC buffer was prepared by dissolving citric .
acid (0.135 g), S5% phosphoric acid (0.062 ml), doric
aciéﬁ(0.071 g) and sodium hydroxide (0.27% g) in water
(SOAml) in a 100 ml volumetric flask. The pH was adjus-
ted with concentrated HCL (0.181 ml at pH 5.5: 0.069 ml
at pH 9.5) and the volume was completed with water. The
final concentrations were 0.02 N sodium c¢itrate, 0.02 N
sodium ﬁhosphate, 0.017 N sodium borate and 0.1 N sodium
chlqride.

The sanple ﬁH values were measured and corrected

if necessary.. Samples were maintained under nitrogen

at 211 times to prevent lipid oxidation (if unsaturated).

(b) Determination of pX_ values
=9

Loczl znestheties PRC and TTC contaimr two titra-

[

table aminc groups: an aromatic primary (PRC) cr secen-

dary (TTC) and

i

tertiary amino groups (Fig. 5). The

bl

pK_ values of the former azre low znd were cetermined

=
1 . .
b 3C NMR whereas the pK~ values of the laztter zre high
= L3
and were determined by electrometric titration. The pk

1

value of the tertiary zminc group cannot be deter

2|
Y
®
o

by 13C NME because of the low solubility of the local

anestheties a2t high pH vazlues (see Section IV.E.d).
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‘The 'S¢ NMR spectra of local anesthetics (0.5 M
in DEO) were‘recorded at several pH values between 1.6-
and 7.5. The chemical shifts of the carbon atoms adja-
cent to the aromatic amino group were'sensit}ve to pH,
allowing determination of the pKa values,

In order to determine the pKa values of the ter-

tiary amino sroup, FRC or TTC (26 mM) were dissolved

in water at low pH (about 2) and titrated slowly with

0.01 N NalH, until pH 11, z2s aonitored by a vH meter.
Experiments were alsc performed at different local anes-
thetic concentrations (1-50 mM) and in the presence of

PC dispersions (52 aM).

{¢) Determinaticn of partiticn coefficients (XK_)

% U

Dispersicns of lipids PC, PC-PS or PC-FI (13.5 mM)
in BEC buffer (2ml) containing PRC or LIC (6.8 mM) were
centrifuged a2t 20,000 r.p.m. for 30 min. in order to

separate the lipids from the anesthetic solugion (59,93).

An zliqueot of the supernatant soluticn (1 ml) was taken

.

a2ndé diluted with buffer =z

o 1

for spectropho-

ct

e szme
0é =

P = - TT A - =i = T
(PRC, Apax © 207 nm; TTC, nax = 286 nm)(Fig. 13). The

3

L
1"
-

ct
ay

tometric mezsurement of hetiec concentrzation

ct

1835

ratio of the absorbance of the znesthetic in the sample

to that ¢f the initizl solution was proportionzl to the
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amount of anesthetic in water.  The amount bcdnd‘to the
lipid was caidulatéd by difference. TLC (chlorof;rm:
methanol: water 65: 253 HS of £he.supernate indicated )
no trace of lipid. Partition coefficients were ﬁeasured

at various ratiés.of local anesthetic to lipid (5-50

mole%) and lipid to. water. (1.35-13.5 mM).

(d) Determination of thelsoldbility-cf.local anesthetics

-

in buffer at different pE values

Local anesthetic (FRC or TTC) was added to a BFC
buffer solution until saturation. The pE was adjusted
with concentrated NéOH or HCI solufions. The saturated
anesthetic solution was centrifuged for 40 min. at 30°C
gpd 15,000 r.p.m.. An aliquot of the superhatant (50 ul)
was tazken and diluted with BFC buffer at pE 5.5 in order
t0 determine its conecentration by UV.VIS spectroscopy‘
(PRC, & = 307 nm; TTC, A = 286 nm).

‘

maXx maXx

(e) Analysis of fatty acid/Z;mposition of phospholipids

To‘dry phospholipid (5 mg) were zdded solutions
of 0.4 mg/ml standard heptadecanoic_acid=(0.2 ml), 0.7 N
methanolic HCl (4.5 ml) and z few beoiling chips. The
sclution was refluxed for 1-2 hours and then cooled.

Water (0.5 ml) was added and the solution was extrzcted
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with petroleum ether"(J—Zrml). The solvent was evapo-
rated, the residue (fatty acid meﬁhyl esters) was dis-
so}ved in petroleum ether and identified on a gas chro-

matosraph (Fig. T14).

(£) Study of local anesthetic and DPPC hydrolysis

The extent of local anesthetic hydrolysis was
2,
monitored by recording "H NMR spectra of a deuterated

local "anesthetic (26 mM) in PC dispersion (52 mM) at

- pH ¢.5 in SEC buffer every 6 hours for a period of 36

el

hours-at 3C¢°C.
The hydrclysis of DPPC was studied by TLC (chlo-
roform:.methanol: water 65: 25: &) of z2 DPPC dispersion
(26 mM) in BPC buffer at several pH values (7.5, 8.0,
§.5, 9.0, 9.5). TLC were run at variabtle intervals for
a period of 10 hours at 47°C (PC, rf 0.3; lyso PC, rf -

0.2).

(g) Examination of variztions in the phospholipid zand

leezl anesthetic'particle size

In order to detect any change in the size of mul-
tilamellizar lipid dispersions upcn znesthetic addition
or pH change, UV-VIS (200-450 nm) spectra of PC-PS dis-

persions (1.3-52 mM) in EPC buffer were reccrded at pHE
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5.5 and 9.5, both in absence and presence of TTC (0.65-
26 mM). An increase in light scattering is indicative

of a reduction in particle size. '
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D. Eguigment;

2H NMR spectra (with quadrupole splittings of

less .than 10 kHz) were obtained on a Varian XL-100

‘ spectrometer modified for wide sweeps,  rf phase alter-

nation and accurate short pulse intervals, operating

in the FT mode'at 15.36 MHz and at 29 * 1°C. Both nor-

al (90°) and quadrupcle echo (90°x-T -90°v—r-ec§o)
techniques were used. widé band -°H NMR spectra (with
large % adqupolé splittings) and 61? NMR spectra were
taken on’ a Sruker CXP-300 spectircmeter operatins’in
the FT mode at 46.06 Mz for 2 and 121.39 MEz for 5P,
j
and at,éariable tenperature. 13C NMR spectra were re-
coerded on a Varian CFT-20 spectrometer operating alsé
in the FT mede at 201 MH# and 30 ¢ 1°C. Centrifugation
was performed on 2 Sorvall RCZ-3 centrifuge. Ultra-
violet and visible (UV-VIS) absorotion spectrz were re-
corded on a VarianJCary 219 sbectrophotometer. ESR
spéqtra were obtained on a Varian E-C spectrcmeter at
rooﬁ temperature (22 = 2°C). lFatty azcids were znalyzed
on a2 Hewlett-Packard 5710A gas chromatograph with &

15% DEGS (diethylglycolsuccinate) coiumn at 250¢°C.
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IV. RESULTS :

5 \
A. Simulated “H NMR spectra in the presende of chemical

exchange

Using the Fortran computer program (QUADEXCH)
given in Table 3, “H NMR spectra for a species in che-
: partliy .
mical exchange between a immobilized site giving riw
to a 3 kHz quadrupecle splittins and an isotropic site
giving rise teo a 20 Hz resonance have been calculated
(Fig. 15). The spectra are shown feor the cases of

slow, intermediate and fast exchange. Both sites are

equally populated (py = pg = 0.5).



J - ! b I L] L i
=5000 -300C -I00C 0 1000 3000 5000
FREQUENCY (Hz)

107

-axm-admzqdnéein 300C 500G
FREQUENCY (Hz)

Fig. 15. “H uMm Specirz resulting from the exchange
between z powder patiern spectrum (2 = I kHz, svu.® =
¢v: ' = 100 Hz) znd = single rescnanel (av; = 20 =3V
varying the residence times T, T 7. indicdted tg the
right of the spectrz (in see.¥. SpEctrz plotted at
constant pezak Intensity. :

N PN
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B. Characterization of the svstem

(a) pKa values

The pKa'values of the aromatic amino groups of
local anesthetics PRC and TTC, as determined by 13C
NMR titration, and the pKa values of the aromatic amino
groups, as determined by acid-base titration, are givenl

in Table 4. ig. 1€ shows the variation of the 3¢

L241

chemical shifts of the adjacent carbons with pE in the
TTC molecule and Fig. 17 presents the titration curve
ef TTC. Note that the pX, values of the tertiary amine
groups were deté?mined at 26 =M and that this vzlue

is concentraticn dependent (Tazble 4b). In the presence

of PC mult

9

1

o

mellar dispersions (26 mM), no c¢hange in
; X :

the pK, values of these local anesthetics was observed.
(=5 .

. - -

(b) Partition coefficients

The experimental partition coefficients of loecal

anesthetics PRC and TTC between BPC buffer armg phospho-

(v

lipid dispersions zre listed in Tabie 5 for both low

(5.5) znd high (9.5) pH at room temperature. Three

phospholipid dispersion systems were used,

L1}

ip
1:1 and PC-PI 1:1. xcept in the extreme cases (very

TN
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o TABLE §
/
Partition coefficients (Kp) for local
anesthetics FRC and TTC between BPC buffer
L | and phospholipids at different pH values

Lirid: Anesthetice o N
. Iy
—'-____—P‘
FC-FRC 8.8 2.0
¢c.8 4s
FC-TTC .5 2z
c.s 850 .
SC-F8-ERC €.8 g.2
c.s £3
FC-F&-TTC .8 &0
. - .
: c.5 el
FC-FI-TTC £.c &0

\Vy)
1]
(%)
=
L)
O
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‘low or very high values), the errors on the Kp values

were estimated at less than 10%.

No variation in the

values was found upon decreasing the local

Sp

measured

lipid or water: lipid ratios by a ractor

anesthetic
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. TABLE 7
o _ | Solubility of local anesthetics in BPC buffer

Anesthetic concentration (M)

pE FRC . TrC
s.5 2.6 1.4
6.0 2.k .1y
¢.s 2.5 1.4
7.0 z.s 1.0

. 7.5 2.4 0.01%

' s.0 C.us | 0.0043
8.5 0.20 0.0015
c.0 0.02¢ 0.0013
g.5 0.012 0.0012
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(e) Fatty acid compdsipion of phospholipids

Anaiysis of the fatty acid composition of the
rhospholipids .used in the following experiments yielded

the values shown in Table §. These values are the a-

verage of three determinations.

M W

‘ -
()Y ESR results

P

o -

C multilamellar dispersions

1l

The ESR spectra of

i1
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contzining 1

s N

ole% FC=-5=-SL ‘display asymmetric reso-

nances due to spin exchange interaction as shewn in

(97
th
153
(]
¥,
th
o
o 3
[1+]
1]
]
Yy
(1]
0O
ct
(8]
by
i}
Q
43
| nd
3
n
fi}
m
Fa
ot
’..l
2]
O
k v )
f2
"3
1t
£
()
[
81
ct
[&]
L]

hzs ceceurred within 20 min.,; the complete equilibrium

is zttained zfter z period of 3-5 hours. When the znes-



L6 S'eh 0L " Sh

L' 2t £l "6t
6°91 N.W 5L 'Ll G§°le ¢'0¢
62l L9 g'ul 02 £°6¢t

Id waod 3eeyp

Sd ureaq Jeooagy

d4d Aok B3

Dd A104 ¥EF

IS 513430

*.‘

9:¢e¢ hwi02 EigL 2:igl gL 0:glL L:9L 0:91
(3Udtom ¢) spioe £39eJ JO oFequo0Jay

prdyroydsoyy

nuanﬂaﬁmano:a Jo uoygrsodwoo pioe Aqqey

™.

. g oaavy



=t

————

5

S

W o+~

-l
S ]

3.
|

o

(2211} ]

vl

-1 =)

[

-t

W ovdes 30

[p]

O .

.
.

3
B O @I
1303 5 wadn

_.(

R
)
e
2
Z

M <t 'y

th

b

'J-
0 et 30U

3

(1]
un

Mty 0 ot

"3

‘3

O W

"3
o
(¥

1

W ot

[

.

ot (b Ot —~

}--

00 W

Oy M-

& U3

3 o e

10 G

of spin prcbe PC-5-SL

2t pH 7.8. Upper trace,
concentrazticns of PC anc
c/d is =z measure cf the




120

3.0+ .

Iol!llj_lllllj_lll'l

0 20 30 40 50 .60 70 80
(i of 4.875x107M TTC)

"y

ig. 1%. ¢/2 retic in the ZSE spectrz cf PC-S-8L in EC

. Cispersions zs z function of TTC concentration &%t pE 5.5
(12 mole% PC-5-8L) and at,pH 7.8 (16.7 mole% PC-5-SL).

4t 40 pl TTC, the concentraticns of PC and TIC zreé egual

~
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thetic is added before lipid dispersion, complets equi-
librium was reached before 15 minutes. At pH 9.5, no
delay time to qeach equilibrium haé been observed-in

either method of sanple preparation. In the presence

‘of PS5, under any conditions, the equilibrium was rea-

- -~
ched within a period of 15 minutes.

P
r:

) Hydrolysis of loeal anesthetic and DFPC

when the-hyvdrolyvsis of DPFPFC was zmenitered by

Upon zdéition of TTIC, the light sczttering mez-
sured fcr BC-FS multilamellzr dispersions was unchanged

(within experimentzl error) under any condition ¢f gH
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that the 1540 Hz quadrupole splitting (““l = 600 Hz)
"1is in slow exchange with the broad central line. Its

intensit§ was determined from the integration of the

132

speatra in Fig. 2t1a. The central resonance was assumed

=8
to result from the fast exchange {v = 107" sec.) det-

ween a o000 Hz line (D, = 80 Hz, av,® = 300 Hz) and a

3 3
" -9
10 Hz line whose proportions (= % x 10 sec.) were

ween the lipid and water :hasesi The spectral width

was 0000 Hz, the number of peoints- 500 and the quadru-

-
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\Thl;Deuterated local anesthetics in PC-PS .dispersions

i. Linewidth and quadrupcole splitting values

o .
Table 10 gives the "H NMR linewidths or quadru-
ole splittings observed for deuterated local anesthe-

P
ti

3

¢ PRC and TTC in FC-FS multilamellar dispersions

@]

at pH 5.% and 29.5. All spectira showing a guadrupole
splitting also display 2 central broad resonance whose
value is not indicated in Table 10. The spectra of

specifically-deuterated TTC at low (5.5) and high {(9.5)

M

{ are shewn in Fig. 25. When phR

)

s increased, the

signal of TTC-d3 changed freon a single resonance to a

guadrupole splitting whereas the’converse was observed
for TTC-de. 2
ii.

Variztion of the lipid: water ratio

when the ratio of the th phases present, lipid
and wazter was modified, the quadrupole splittings of
211 cdeuterzted loczl znesthetics remzin constant. Under
the szme conditions, the linewidths of the central re-
scnances change. Linewiéths zre plotted in Fig. 26 zs

Fal

& function of lipid concentration.




" TABLE 10

Values of “H NMR quadrupole splittiﬁss'Dq_(H:)
. 3nd linewidths av, ., (Hz) for deuterated local

ion

[/

anesthetics in PC-F8 multilamellar disper

.1 . = o .
Anesthetic rHE 5.5 pH-Q.5

1)
i
@]

i
.

(]
n
}_.J

3
i
)
]
.
&y
n '
-
f (1) [£¥]
o]
-
(@)

TTC-¢, 15600 . - 12600
TTC-c. 's1°¢ 850
TTC-¢g 1800 s1°2
TTc-d63 1560 s1i<

14 N o - -
The mclar ratic PC:PS:znesthetic was 1:71:1. The gquan-

-3

tity -of total lipid ranged from 52 mM te 260 mM de-

pending con the partition coefficient.

sl means that a single resonance was observed but the

.

idth was not mezsured beczuse of the inaccurzcecy re-
sulting from the folding of the spectrum zbout the
centrzl carrier freguency.

Datz .obtzined with PC-PI multilazmellar dispersions.
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rH 5.5

. . . 20 e . ]
Jariation of “H NMR linewidths (av,) zs =z

of phospholipid PC-PS CO“CE?*“'t’On. Samu1es
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PRC-d, pH (2) TTC-dg pH 5.

pH 7.
nd (a)*TTC-dB p~ 7.4,

n
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w
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D.
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i."Effect on perdeuterated DFPC {(DPPFC-d..)

The spectrum of DFPC-d dispersions is the sum-

o
)

mition of the spectra of all the resonances of the

deutercns of the fatty acyl chains. Mest of the peaks
¢f the resulting envelope can be only tentatively as-

signed (94). Additien of loczl anesthetic preoduces a

ferent extents for ezch. No assignment ¢f pezks is

(s}
O
in
0
[ 5]
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ii, Effect on specificzlly-deuterated DPEC

In order to znalyze the results obtained with
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Tig. 27. TH MME spectrz (46,
multilamellar dispersions in
(z) no TTC, (b) & mM TTC, (¢
TTC. The spectrz were recor
cruzcle echo technigue (1, =
recycle time was 0.2 s, tre
- the number of data points 40

tne number of scans 5000.
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Dq
(KH2)!6

{2 =V v \v — < T—- 2d2

»
[TTtaBOUND

Fig. 2%. Craph of quadrupcle spliittings (D) of deute-
rated PC dispersicns zs & functicn ¢f the £mcunt of TTC
socund 2zt pE 5.5 (ezch unit ccrresconds te 0.CE mele TTC/
mcle PC). Chain ceuterzted 7C dispersicns ccensisted c¢f
szturated molecules (DPPC-E',é',12'-d2 ancé DPPC-18'-C. )
wherezs head group deuterzted PC mclecules zre from nZ-
turzl source (?C-du : egg 2C znd PC-d, : egg PE). The
spectrz were acguired azt 47¢C for DPPC samples and at
3CeC for unszturated PC szmples .
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- pPH 9.0
28—
— ) — — O
. 24 |- fo
Dq B
(KHz) 2OF;

0O~ Gdz

2dy

12d2

\_C}\
12¢ v Ve— v v \\/ :
Sk X

2d,

A A
—a .
T T T T T % Ca T i 'Atg6d3

8.

Fig. 30. CGracgh cf guadrupcle splitiings (Dr) ¢cf deute-
rztec FC discersicns zs z funeticn ¢f the Zmeunt ¢f TTC
tound at pHE ¢.0 (ezch unit ccrreszends tec 0.0% meie TTC/
mcle 2C). Chrzin ceuterated PC dispersicns consist cf
saturated molecules (DFPC-2', £', 12'-d, zncé DPFC-1E'-
d,) wherezs head group deuterated EC édiSpersicns zre
from nazturzl scurce (PC—dg : egz PC, PC-d,. : eggz BZ).
The spectra were zegquired at L47¢C for DEpd samples and
at 20°C for szturated PC zamples.
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Flz. Z7. Zrzzh of tre raztics of Zeadruzcle sglittinzs

(2 /2.7 2° deuteratas =7 Ciszersicns zs z funmeticrm af
tnd affunt of 77T sound =t 25 T.2 (ezen unis cerreszerncs
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Fig. 34. Graph of the ratios of guadrupole splittings

(D_/D

Tq G
tidn &%
to 0.05 mecle TTC/mole BFC).

) of deuterazted PC-PS 1:1 dispersions as z func-
the zmount of TTC bound (eazch unit cecrresponds
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31

D. P NMR results

Addition of equimolar TTC to a PC multilamellar
dispersion produced an increase of 8% in the ac para-

meter of the 31P NMR powder pattern at pH 5.5. No mea-

/7]

urable change was found at pH 9.5 or when PRC was used.

35 shows the proten decoupled - 'F NMR spectra

7]
n

i
obtained for FC dispersions in the absence and presence

of TTC at pH 5.5 and 9.5

g Y



(a)_ {e)

- .
e

. 31 )
Fig. 35. Preten decoupled - '2 NMP (127.3¢ ¥Hz) sgectrs
of (a) 260 =™ =¢C cispersicns, pE 5.5, (b) 1320° mv TTC
in 260 nM 2C dispersicns, »% 5.5, (o) 172 mM4 PC disper-
sions, pHE 9.0 znd (&) &7 mu TTC in 1732 oM =C cispersicns
pE G.0. The nzrrew rescnarice is due tg the phosphate
ion of the BPC buffer. Spectrz were zccuired with 50¢3
dztz pcints, =z 125 kHz spectrzl width, 2 2 s recyele
time, 2500 seczns znd z & s GQs ength.
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V. DISCUSSION

b .-
Y

A. Caleculated spectra in the presence of chemieal

exchange .

} -~

Calculation of “H NMR spectra resulting from

the exchange bdetween a quadrupole splitting and a single
resonance consists in the summation of an infinity of
deublets arfected by chemical exchange. The erffect of

exchange on each doublet depends on the difference in

{requency between the components of the dxublet and

pessible lineshapes resulting frem chemical exchange

between z single rescnance a“é & powder pattern. Slow
exchange is
are superimposed. As the raﬁe of exchange is increzsed,
a brozdening of the centrzl resonznce, czused by the

exchange with the centrzl components of the quadrupole
splitting, is observed (spectrum b). ALs the_centrél

resonaznce brozdens, the ratic of the heights is modified

a . . . -7 R
(spectra ¢ and d)*until the two signals merge (spectra

>
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e‘and £). Iﬁcreasing the rate of‘exchange vields se-
parate peaks which become sharp when the rate of exchangg-
is fast (spectra g-j). 1In Fig. 15, having an eqﬁal
population df each site, the quadrupole splittinés of
the spectra obtained in the presence of fast exchange
correspond -te half the value of the eriginal quadnppole
splitting (1.5 kHz). This is in agreement with the |
Yﬁldg predicted by Egq. 18 for fast exchange.
-'The«equations deriveé_in Section II.5 are a me-

dification of the Cutowsky and Holm equations (8S0).

No additional assumption was necessary in the derivaticn

so that the relevance of the final equation is compa-

rable tc the case where both transverse relaxaticn

times zre equal (&s in 2 doublet resulting from dpin-

spin ccupling). _Tﬁe cossibility of using different

transverse relaxaticn times renderé the equat;on.more . -

general and allows its applicztion fo powder pattern

b

B + — .
tvpe of spectra. . .
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5. Characterization of the svstem z

La) pka values

The pKa values of the aromatie amine groups

~

(Table &) are the same as reported previously (95).

In the case of the tertiary amino groups. other <L

values (25) agree with these of Table 4 for FRC. but

e

& larger for TTC. However, as iven in Table 4% and

: a5 reperted earlier (C6), the pK_ value of TTC varies

W

with ﬁwesthetlc conceﬂura ien. The p

a
in Table 4% is in zgreement with that reperted fer the
§ same concentration (L48). \

(b) Fartition coefflc_enu-

- The determinaticn by difference of the zmount

multilamellzar dispersions leads tc some uncertzinty in

the estimated vazlues of the pzrtition cocefficients,

&
3
n
ct
'..h
e
! '
'3
o
[

especizlly when the znesthetic corncen

. phase is small. EHowever, the reproducibility of the

results and the zgreement with the NME datz (Fig. 21)

. suggest thzt the degree of zccurzey is satisfactory.
(Tazble 5)

The present values 1“o*’ KD cazn be compared to

&



'

those“obtained in water: oleyl alcohol at pH

FRC, 0.6; TTC, S0. These should de intermediate

between these measured here at low and high pH.

-

I

-
I

"

1

152

we 2ake inte account the inaccuracy of the value fo
FRC at low pH, and the fact that different rartiticoning
phases were used in the &two studies. our values wit

PC a2 .

with these dzta,

C-F3 dispersions are in reas

onable agreement

h

fficient 7 TTC

in PC dispersions can zalsc be compared to a value of
1405 cbtained with DPFC at high pE (87). This value
was, however, determined z¢ higher temperzture in th
regicn ¢of the phase trahsit;on. Ne' datz exists fer
conciticns identiczl te these used in the fellowing
experinents.

The zetuzl valﬁés for partition ccefficients
in PC-?§ znd PC-PI multilzmellzr dispersicns zre com-

gre not affected by the

presence of PS.

%

at plE 5.5. This

n electrosta?;c
head group

e loczl znesthetic

the partition coefficients méasured
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(¢) Amount of charged and uncharged local anesthetie

The results in Table & indicate the amount Pf
lotal anesthetic in each form inside aﬁd Jutside the
membrane: It seems unlikely that S0% of PRC can be
bound at pH.5.5 with 050 mM PC.  This is certainly

attributable to the i

3
{3

ceuragy of the partition ccef-
ficient resulting from the lew amount bound.
I% is interesting to ncote that in the menbrane,

+the amount of TTC in the uncharged form at pE &.8%5

andé vields z substantizl azcunt of beth ferms in the
membrane. In view ¢f the concentraticon dependence cf

value for TTC, it is likely that the membrane

H

concentration ¢f the uncharged form will be lower than

30% of the totzl znesthetic bouné.

(d) Fatty zcid compesiticn of phospholipids

[

Depending ¢n the source, the fatty zecid composi-
tion of a phospholipid class may vary from one preparztion

to the other. However, for =z common source (e.g. egg

i

5
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-

volk PC), the proportions of each fatty acid should be

in the same range. The results obtained with egg yolk

P

(9]

and egg volk PE (Table §) are in reasonable agreement
with published data (16, 99)}. The composition of the

two fatty acid chains of ¢

i

g volk FC are quite dirfferent

-

3

(9¢Y: the chain in position 1 is mostly saturated with

more than 90% palmitic (18:0) and stearic (18:0) ac

i

a

b

(2
.

(44
fe
o3
n

b3,
[

ct
ct

v acid chain in positien 2 is mostly unsa-
turated with more than 90% unsaturated 18-carbon fatty

L on

zcid chains. Nc data zbout the fatty acid tompositi
of heef brain PS or wheat germ FI has been Iound in

the literature. From cur analvsis (Tadle &), beef drain

S is the meost unsaturated ‘ameag these four phespheli-

The spectrz of multilazmellar lipid dispersicns

containing high cencentratigns of PC-5-3L displzay
zsymmetric resonznces due mainiy to spin exéhange
interaction (Fig. 18). The degree of zsymmetry was
evaluated by the c/d ratio givén in Fig. 18. As the

extent of spin-spin interazction decrezses, this ratioc

cends to 1 (100). This would be the case if the spin-
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labelled molecules became more dilute by incorporation
of additional components into the membrane, or ir the
anesthetic caused a decrease in the lateral meobiltity

i~

(diffusion rate) of the lipid molecules (Eq. 3). The

o/d ratio is seen to decrease upon addition of inorea-

sing ameounts of TTC (Fig. 19) changing by 44% at pH

s

.§ were taken as.an indicatio}
that partitioning of snesthetic between membrane éifz//

at it equilibratgbetween

the latter and zll lipid bilavers of the multilamellar

iy
L2
[t
(o))
(o]
o
i
'
63
O]
A
(]
ol
n
-
{1}
th
cr
fu
3
[¢7
(44
a3l

system in 2 tige n¢ longer..than that regquired feor mixing.

3

-1
=
("}
7]
=
m
'A
'Arl
(]
o]
[p]
h
)
(]
0
ct
[0}
cr
(o)
ey
o
N
W
W
(]
2
[7:}
ct
O
(¢
(]

explzined by

[

tizme-depencent experiments which shewed that at this

ete equilibrium was zttzined onmly after z pericd

3
Bt
0
0
El
£
l_l

of 3-5 hours (Secticn IV.E.f).

These datz zre not in agreement with an’earlier
conclusion (101) that TTC does not pass
to the inner moneolzver of unilzmellar vesicles in an
unbuffered medium. Since onlyv z fraction of the 1lipid
is-lécated in the oftermost menoclayer of multilzmellzr
vesicles (5-8%, ref. 102), a smal;eﬁ effect would be

expected iIf the anesthetic did not cross the cutermost :

bilayer aznd hence were unavailzble to subseguent bilayers.
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(£s Hydrolysis of local anesthetic and DPPC

Caleulations using reported rate constants ror

alkaline hydrolysis predicted that less than 2%, of PRC

or TTC would be hydrolyzed at pH 9.5 during a period

ct
3
<)
/]
3
[£/]
#]
cr
1
[0
F

vhiich were usually recorded in less than

devterated DPFC dispersicns., since the effect of
PC, produced by nvdrelvsis, might be severe can the "H
NME spectra. The hydrolysis of DFPC in water at 50°C

has been reported tc be less thar 1% zfter z pericd

(g) Size of lipid 'and loczl znesthetic particles

The zbsence of change in light scattering mez-

hzt no céhange in

ct

surements (Section IV.E.h) indiczted

-

the size of mulitilamellsr PC-FS d

"
b
b

spersions was occuring
upon addit;on of loczl znesthetice. This was confirmed
’

5
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)} which showed that only
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. . . . .
a minor amount of isotropic phase, giving rise to the
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H 9.5, 99% of TTC and T76% orf P
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that the local anesthetic precipitated at the beginning
of the dispersion, the partitioning into the lipid
membrane would lower the concentration of anesthetic

in water vhich in turn would allow the dissolution of

or

he precipitated anesthetic, and the process would
continue until eguilibrium was reached. Since the par-

tition ocefricients at pH 9.5 are high (Table §). the



C. Deuterated local anesthetic in PC dispersions

(a) Variation of lipid: water ratio: the three site

model

The presence of a quadrupole splitting of cons-

by

tant masnitude upon dilution. and of a broad rescnance
a

whose linewidth decrease with

/7]

d
ddition of water (Sec-
by

ti IV.C.a.ii). is indicative of two states for the

0
3

bound anesthetic in slow exchange with one another.
The iccal anesthetic can then de (1) free in water,
(2) weakly=-bound (probably near oU at the bilayer
surféce), and (3) strongly-bound (at least partly in-
terczlated between the fatty acid chains)(Fig. 38).

fa

it
n

+ exchange between site (1) and (2) gives rise to
the dependence ci the linewidth cn the lipild: water

ratic (Fig. 22), whereas site {(3) is in slow exchange

3

with both sites (1) and (2) and is respensible for the
quadrupole_splitting (ecnstant magnitude but decrezsed
intensity upon dilution, Fig. 21). _ , .

The

ct

3
b

ulatic

o
-8

o] n ezch site depends on the nsture

he

ct
ct

nes

M

al

(o]
L]
ct
a3y
]
-

e}

0

ic, aznd¢ on the coenditicns (pHE,

lipid te

[

W

hp |
3
m

tic) of the experiment. At pH 5.5, both

n

.n

a econstant .quadrupole splitting and & rescnance of
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variable width are observed with TTC, indicating that
the three siﬁes are populated in substantial amounts
(Fig. 21). At pH 9.5, where most of the TTC is parti—'A'
tioned into the lipid, the same type of spectrum is
observed; but only a very weak central resonance is

present. In that case, the_populations in sites (1)
k .
and (2) are very low, and a quantitative study of the

o~

erffect of the lipid: water ratio on the width of the
central line was net performed. For PRC at pH ©.5,
only sites (1) and (2) are possibly populated (visco-
sity effect) and no quadrﬁpole splitting was cbs%?ved
un&er the expérimental conditiens. At pE ¢.5, simi-
larlf to TTC at pE- 5.5, the three sites.were cccupied.

The-large linewidths of the anesthetic resonances

in the presence of lipid cannot be aseribed to zan in-
. - ' 1

crease 1n viscosity of the bulk solution; the latter

as only 1.38 times larger in lipid dispersicns (52 mM

Lhan in wzter alcone. This would lezdé to z iinewidth

in the presence of lipid of zpproximately 3-14 Hz,
well belcw the observed values.

The carbon-13 and proton resonznces cf PRC and

-

TTC (mainly those of tAe aromatic regicn) are broadened

in the presence 8 phospholipid (101, 107-172). However,

no direct evidence for a strongly-immobilized species

- -
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was seen. It is likely that the 4 ang '3¢ resonances

of this sspecies were too broad to de detected by the

high resolution NMR methods employed. The 13¢ ana '8

NMR data are in aéreement with our conclusion that a
fraction of the memdrane bound anesthetic is in fast

-

. Voo .
exchange with its counterpart in the agqueocus pha

w

2.

Different menmbrane binding sites have been pr

Ly

sed for ancther anesthetic, halothane (113). Using
NMR, three different signals were observed rfer
that fluorinated general anesthetic in DPFFC multila-
mellar dispersions. It was prdpc§ed that halcthsne
could occupy four sites, (i) the bulk aqueous phase,
(A') the =zqueous bhasq—phosgholipid interface, (3) the.

hydrocarbon chain near the phesphelipid head group and

-

{C) the hydrocarben chain clcoser to the terminal methyvl

group. Basliezlly,' these propesals ar

(1]
’..I
e }
n
T
"3
(1]
(1]
3]
[
[at
ct

with the conclusions derived for PRC and TTC. In the

latter case, sites (B) and -(C) might azpply %o the

X

strongly-bound species zt low and high pE. -

(b) Partiticn cocefficient for the weakly-bound species

Equation” (43) was aprlied to the data in Fig. 22

r-4
i

or TTC in PC multilamellar dispersions zt pH 5.5.
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 The value obtaineq‘for Kp by a ledast square fit,of the-

data was 5.2. Thus the experimentally-determined baf-'

tition coefficient (Table 5) is the sum of those for ‘

the weakly- and strongly-bound species. fhe caleulated

linewidth for the weakly-bound species was 660 H=

(probably a small quadéupole splitting). Making use

of the data ianable 6 and the results obfainedhébcve

. (Avi = 660 Hz), it was poésibye to calculate that the

amount of weakly-bound TTC was ca 23% of the total TTC
bound at pH 5.5. Although it is not péssible to eva-

. lua;erexactly the amount of TTC weakly-boﬁ;d from the
2H NMR spectra, these values seem in general‘asreement
with thé observed spectra. - |

Comparison of the sﬁectra in Fig. 212 and 21b
show a significant difference in the linewidth of the
sinsle_reéonance. For the freeze-thawed sample (Fig.
21b), the spectra were recorded with a high power _
pé@be where the linewidth values zre unreliable beczuse
cf the absence of spinning and %he design cf the probe..
it is to be noted that the rdtio of the areas of ?he'i
quadrupole splittings and the singile resonances for the
spectra in Fig. 21a and 21b are different suggesting

g

that the,freezg-thawing process change§-the structure
of the lipid bilayer. & riduction in D, value (~400
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Hz) seems to confirm that hypothesis.

(¢) Membrane location of the strengly-bound species

Nene of the deutera;éd FRC species gave obser-
vable'sblittinss at pH 5.5 (Table 9)., At pH ©.5, Dq.

.
L]

for FRC-d, was much smaller than that for TTC-d

M

the Dq value feor PRC—d14 cannct be diredtly compared
to that for TTC—d6, since the delterons are in a nethy- : s
lene group in the former cempound. Nevertheless, a2

-
=
<.

H D:  as
Sy SI'OL.l. : as

fu.

Dq value of 1520 Kz is small for a C

comparisen, the Dq value for the ultimate methylene

sroup of stearic acid in PC dispersions was 848

(174)

- ®
The results far PRC could be indicative of faster
e R )

exchange between anesthetic strongly-btound to the men-

brane and that free in wzter than in the TTC case.

a

-This is suggested by the smaller partition coefficlents

for PRC,; which could result from z faster disscciation

from the membrane., However, changes of the water:
lipid ratio did not zlter the value of D_ obtained for
PRC-dLL at pH 6.5. Thus, the smaller guadrupole split-

- & -
ting for PRC must be ascribed to binding to a site . of

relzatively low order. In azddition, the small value
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of Dq for PRC-d, could also be dud to the lack of an

aliphatic chain bdound to- the aromatic amine. This, in

» ~

‘b

fact, renders the molecule much less hydrophobie, and

much less constrained in the benzenoid nucleus, than

TTC, and would account for the weaker bindinngo the

membrane.

b

A molecular order parameter, 5 .,. can be cal-

] -

culated for TTC-d, from the values of quadrupole split-
tings (Eg. 16), assuming the axis of melecular ordering

te pass through the 1,4 positions of the benzene ring:

= 0.7 » 5.% and 0.6& a

ct
T
I:

ts)

a

®

ct

i ¢.5. These values

13

,

s
nel

-
-

are higher than these obtainecd for the deuterons atita-
ched ‘to the first ten carben

(8¢l .

fw

toms of the PC zevl chzins

-1

n 2C, S = 0.5 for the first &

]
3
H
(]
ct
[
e
i.-l
D
3
(/]

groups, and decreases thereafter to 0.1 for the terminal

methvl group (6¢). The increased values of S ol for
TTC over the highest.sm-o1 seen for the PC zeyl chains
is probably at least partly due to the rigidity of the

O

benzene ring. - The order parzmetlers, however, are lower

e

+than that observed for cholestercl in .the same systen
(Spe17 = 0.85, ref. 115). The fused ring region of cho-
Testerol is known to intercalate between the first ten
segments of the fatty zcyl chains of the phesphelipid

(116} .
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In spite of:the similarity of Dq values for
‘TTC—dg, at low and -high pH,.the values of the quadrupole
splittings for TTC—ds‘and TTC-dB'vaEy dn going fronm
low to high pE (TTC-&Q does not vield a quadﬁupole
splitting at low pH., Fig. 20)} This §uééests that the.
-membrane location of the streongly-bound site is pH-

v

dependent. At low pH, the anesthetic should be cleoser
to the water- membrane interface in view of its posi-
tively charged dimethyvlamino sroup. The lirgq values

C-d. suggests that the benczene ring of

-]

of S__Ol for T
Ll

Ny

beth the low and high pE strongly-bound ferms of the
anesthetic is loczated ne deeper than carben-10 of the
fatiy z¢yl chains in the bilaver. The.low values of
Dq for TTC-d6 and TTC-d3 gre nzinly a result of label-
ling the terminal pesitions, for which the corder is /’
intrinsieczlly low (due to rotaticnal and laterzl motion
of the methvl groups). In addition, the bulky beﬁzenoid
ring ¢f the anesthetic will force apart the fatty zeyl
chazins of the phosphdl;piagj as this ring has a larger
Ca b
molecular zrez than f%g/aPtéched alkyl chain, .the ter-
minal methyvl grcup in TTC—d3 could be expected %to find
itself in'a region of decreased molecular order. A

disordering effect of TTC is observed for the methyl

group of stearie acid-18,18,18-d3 intercazlated in PC

<

e

¢
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multibilayers at pH 5.5. Upon addition of TTC, the Dq
value decreased from 2280 Hz to 1360 ‘H=. -
The large values of SAOI for 'I‘TC-d2 also indicate

that the ions molecular axis of the anesthetic is ap-
»*proximately parallel to that of thé phosphelipid acyl
chains. This is consistent with caiculatipns which
:lead to the conclusién that the anesthetic molecule is
‘essentially linear (117).

| The behaviqur of TTC-d6 and TTC-d3 gives some in-

sight into the location of the Strongly-bound anesthe-
.tie at low and high pi. - Taking the data for 260 oM
lipid, it is seen that at DE 5.5, TTC-d6 vields a quz-
drupcle splitting of 1§M0 Hz, whereas TTC-d3 manifests
only a2 single resonance of width 200 Hz.- 4t pH §.5,
both compounds show quadrupole splittings, 780 Hz and
800 Ez, respectively. Since the substituted zmmonium
grcup of TTC resembles that of PC a2t PE 5.5, it is
plausible that these moieties be loczted in =z similar
region of the bilayer. This would Plzce the benzenocid
ring in the region of the glycerol moieties of the
phospholipid molecules, causing zan increzsed separation
of the phospholipid aeyl cheins, and would have z qua-
drupole spliﬁfing smaller than expected (the splitting

for the methyl group of lauric acid-12,12,12-q3 in egg
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PC dispersions is 4.56 kHz at 30°C, compared to 22.2
kHz for stearic acid-12;12-d2 in the same system, ref.
iSS). Above the pK, of TTC, however, one would expect
?the neutral substituted amino géoup to be able to drop
deepef into the bilayer, where the perturbation b& the
benzenoid nucleus can be more easily accomedated by
gauche-trans isomerizatien (kink or jog formation) of'
thé phospholipid zeyl chains, leadins to a lesser in-
ecrease in intermolecular separation, and hence to an
observable Dq for TTC—ds. A deeper poS?tion of the
anesthetic melecule in the PC bilayer may alsc be con-
sistent with 2z reduction in the.TTC-d6 Dq ralue.

These data with deuterated local anesthetic
cannot provide an unequivocal solution te the location

of the local anesthetic melecule in the lip

[

d bilaver.

0]
0.

A more complete picture of the interaction will b e-

rived from work using specificallv-deuterzte

0.

chospho-

lipids whiech will bj\iiscussed'in Secticn V.E.

(d) Nature of the weakly- and strongly-bound anesthetic

Cne question that arises is whether the weakly-
and strongly- bound species zre chemically identical.

Since the ane%thetic ¢an be present in solution in .both

o ——

169
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the charged and uncharged forms, one might speculate
that the weakly- and strongly-bound sites corr§3pond
to the former and the latter, respectively. At pH 5.5,

the charged form of TTC is present at a ratio 100:1

with respect to the uncharged form in the aqueous phaéé.

However, preliminary werk from this labtoeratory (118)

indicates that the pKa value of deth PRC and TTC in

the membrane are significantly decreased relative to

those in scluticn. In additied, fluorescence experi-

ments (119} are indicative of a change in the '\\a ef

due to leecztion in the membrane.

=
r
o]
3
1]
|
3
o
ct

FRC of abo
The c¢odncentraticns of each form in thHe membrane
are ¢alculated -zssuning the eéuilibria shown in Fig.
36. §H+ and 47 azre the charged zand uncharged forms of
the anesthetic and the subseripts.w and & refer to the
vater and lipid phases, respectively, and 1 and 2 to
the wezkly- and stronély—bound species, respectively.
K" znd K° charzcterize the partitioniné cf the charged

znd uncharged forms zand Ka is the equilibrium constant

W

for the protonation of the loczl znesthetie in water®.

The different pKa values for the anesthetic in the

2The standard notation for the pertition coefficient
is KD. In order to simpiify the presentation of zll
the "terms in the scheme of Fig. 36, the p subseript
is deleted.: :

o magme e e
aw L b -
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L

lipid and in water are a direct result of the different
partition coefficients for the charged and uncharged
rorms.

The rartiticning of the anesthetic into the mem-

brane ¢an be described by:

—
N

[F7]
.~

[as*y « [a’)] =g (AT » K* [A;]

Experimentazl determization of the partition coefficient

at two pH values sho
: g

K* and K° (Section II.A), the total partition coeffi-

ld enable cne to caleulate both

. N N s . o o
clents for the charged and uncharged species (X7 = K,

+
>

o
L
™
-
"

-k 4
+
N

o .
L
[]

Using data feor pH 5.5 ané 9.8 culaved wvzlues

, ca

for the parfiticn ccefficients of the charged species
of PRC and TTC were 2.0 znd 15, respectively, and for

the uncharged species 59 and €60, respectively. Thus,

-~ ot ot - . IS
IT7C, X = 15, K7 = 5.2 and therefore, X

2

.

for charge

1

c.8. ‘ 7
Preliminary resulté.(118), however, suséest ﬁhat'

the partition coefficient for the charged species varies

as 2 funetion of pH (as z result of the alteration of

the surface potential generzted zt the membrane by the

charged form of the znesthetic). This would not z2llow

the use of Eq. 58 as described. Nevertheless, the data
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of Eeférence (118) indicate that pH 9.5 is sufficiently
far from the pX, of the membrane-bound anesthptic te
allow accurate calculation of the value of K:, whigch
can be uged in Eq. 59 at pH 5.5 to rind XY

Using this approximation. the

'3
o

reentages of
total anesthetic present in the charged and uncharged
forms in the membrane were calculated (Table ¢). At
low pH. less than cne third of the bound anesthetig

is uncharged. This represents a range of 14 to 28% of
he teotal anesﬁhetic fer the lipid ceoncentrations used
T

in Qur experizent. ihese concentraticns weould not

accounz fer the amount cof édrug giving rise te gquadru-

tole splittings in the "5 NMR specira. Therefore, the
subspectrux probably originates from 2zt lezst two

stronglv-bound species, cne uncharged and cne charged.

The values ¢f D _ 2zt lew pE for TTC-dE, TTC-E, and TIC-

g
ds are different frem these a2t high pE (Tabtle ¢), indi-

ng that the centribution to spectrz cof the strongly-

}-2

b
[

o]

m

bound charged species credominates zt locw pE. However,
under no conditions were the spectrz indicative of sepa-
rate splittings for the strongly-bound charged znd un-

charged forms.
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(e) Simulated spectra

Pue to the similarity between some spectra in
Fig:. 15 at intermediate rates of exchange between two
sites and our observed spectra, simulations of the

Fig. 213 were performed (Fig. 23). The

'
[
N
ct
(0]
.—’
(1]
[F;]
[
[
cr
7))
0
e
7]
b
n
[\
(V1)

The spectrz of Fig. 24 were czleulzted assuning

three-site model proposed earlier (Section 1IV.C.z).

gnount of strengly-bound species was obtzined from

.
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splitting). The amount of weakly-bound species was
calculated from the partition coefficient determined
by linewidfh variation as well as its linewidth (660 .
Hz, Section IV.C.d).. The results are in good agzree-
ment with the spectra of Fig. 21a and they support thé
three-site model derived from that experiment. Smzall

-
Gll

ferences in the specira may be attributable to the.
inacc@racy of the experimentallv-determined parameters
3

(linewWidth of the weaklv-dound species, amount of

strongly-bound species...)

T e o e 4y

e T
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D. Deuterated local anesthetiés in PC-PS dispersions

(a) Exchanging sites present

All “H NMR spectra of specifically-deuterated

local anesthetics showing 3 quadrupole splitting, also

"display 3 single broadened resoﬁance in the center.
Upon addition, of phospﬁolipid FC-FS 1:1, the width of
the central resonance increases (Fig. 20} whereas the
kidth of the quadrupole splitting remains unchanged.
These observations are indicative of twe bindins sites
te the ?C-PS membrand2, one in_slow.exbhange.(§trqngly¥
bouqd) and ¢ne in fést'exchanse.(weakly-bound) with.
the lceal anésthétic in solution. This behaviour is
identical to that in PC disperdions and is adequa;elf

represented by the equilibria shown in Fig. 36.

The’ linewidth of the central-
resonance is §1otted as a function of the lipid concen-
tration in Fig. 26 for several aznesthetic and pH con-
ditions. These data czn be fitted to straight lines
in 211 cases. The values of the slopes for these
curves guzlitatively follow the partition ccefficient

values. In particular, TTC and PRC have very similar

slopes atApH 5.5 and 7.4 in azgreement with the fact
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’

that.not much change in the K -value is expécted below
'the phlﬁvalue of the anesthetlc. An igcrease in slope
by a factor of 6 is measured as compared to a factor
of 'S in partition coefficients between low and high

pH for FRC. This similarity between.slopes and Kﬁ va-

o

lues maf suggest that the weakly-bound site is an in-
termediate site Yetween the water and lipid phases.

The anesthetic molecule in the weakly-bound site would

cccupy a peripheral region, possibly in the ienice

doudble layver of the membrane. _ :

In view ¢f the experimental difficulties,.the

Llinewicdth data nuqu be considered onlv gualit tive.

The gualisy of the equlgment used t¢ obtain those datza

may alse he a seurce of preblems. More reliable datza

—\\
w*ll be pbe ob;ecu of nobher stucv '

<

(b} Menmbrane lccation

aré new being ﬁcqu¢rea. and their guantitztive treztment
b

7

\

o

; the strenglv-bound species

Ne cuaaruoole $pl . tting could be observed for
PRC at pH 5.5 (Takle 10), but .z small variation in
linewidub (Fig. 26} was measured, indicazting that the
charged form of PRC binds weaklv to the PC-PS membrzne.

At Dh g.5, a srual‘l quadrupole splitting for PRC-du‘and
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‘E\Broad resonance for PRC-d2 were observed. The apéence
ofLa-quadrupole splitéing for PRC—&2 suggests thaﬁ the
benzenoid nucleus of this anésthetic is located in a
osition‘of very low order. The deuteromethy}enes on
PRC-dll and the aromatic C-D groups on PRC-dE being both
in a.penultimate position, ‘the existence é} a quadrupole
splitting ror FHC-du clearly shows that this end of the
melecule is in 3 more PthPlCtEQ envircnment than the
aromatice ring' ﬁcrulon. The pelarity of the arcmatie
amine group, benzencid nuclggs and éster linkage zlse
seems greater than tﬁat of the reméining triethylanmine-

like end (uncharged form). The bulkiness of "the bden-

zenocld nucleus is another facisr whlcb could hinder the

F
m

penetration ¢f that p rt ¢of the melecule into zn envi-

ronment of h¢gh crder. Thus, because of structural -

differences between BRC and TTC, the polarities of the

.-

mclecules seem inverted and so may be their positions

oy
ct
o y
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a3

TC-d3 shows & broad reso-

nance and.TTC-4 disnléys & small quadrupcle splitting
: 6 . 1

t

“e

the converse-is'observed for the uncharged form. This

result certainiy 1ndlcates 2 change in the positicn of
q

TTC. TTC-d2 gives rise to large

|r'~

uadrupole splittings

from which values of S of 0.79 and 0.69 czn be czi-

mol
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culated at low and high pH, respegttively. The benzenoid
_ nucleus is certainly located in the most ordered parts
-~ of" the bilayer membrane i.e. the glycerol backbone and

the first ten ségments of the fatty acyl chains (69).
AN ) Y e
“These results are very similar to those obtained in _ T

‘the absence’of PS (Table Q), except in the case of TTC-

s

'de at high pH where a quadrupole.splitting smaller .

. than fha£ at low pH was observed. This discrepancy.
reinforcés thé groposal that a part'of;the TTC moleqple
is in the head Zkoup environment. The difference in‘

’ .- ) .
. the degree of saturation of the faity acyl chains bet-
7{ ween PC and P§ canndt give rise to important changes
' . L r .
- ;nﬁgrder since both have an equivalent percentage of
C '.. M . - .

\ ‘ .
unsaturated tty_ aeyvl cha 3 however, the head grcups

s
-~

of PC.and: P8, are  structu é} alfferenu and are likelyv
to cause Vc?lat’ODS in orceI wh

e reflected =

\

ag pH-5.5,

in the oeuuefgueq TTC Spect¢a & lhéFG;OP

\ mee.d gr un reg*o-q, th ar'omawic nuc" eus zat L.‘Q leve1 \

| %; t glvceon backbo e and the n-butvl Chcln of TTC ,
“ / f"\_\_,;
! Dbetween the fatty. acyl chalns of. 2% and PS- At,pH 9.5 1y o=

- L

e

the molecule of TIC Denet" tea-deeper: in the ;LPSt ten

A i

level lS 1mp0331ble bo deteymi e‘?rom these data "

é“g@on segments or Eke fattg.é;jl chalns but’the exazt .,

-7t
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Whether the dimethylamino gréub of TTC remains in the
head group region or whether a flip-f;op of the'mole-
cule occurs at high pH could be resolvead only b\ sup-
plementary stdhles On polarity grounds, the location
of the more polar. dimethylamino group in the polar heéd
group regicn of‘the’;hospholigid appears moﬁe probablel
At pH 9.5, a second negative charge starts to |
appear on the PS,molecule (DK = 10, ref. 20); whiéh
ﬁ;u‘result in an inereased repulsion between the mole-
cules .and in a general dlsorderlng of the bilaygr.

Comparlns the PC-dy (~1050 Hz) and the PC-d,-PS (~T50

Ez} quadrupole splitting values at pE ¢.5, the diffe-

-

rence may be due_to the disordering caused by the second
charge on PS. The penetration of the TTC into the Bi-

layer may thus be facilitated (smzll effect).

(e) Electrostatic vs hydrophobic interactions : :

-

At - the two pH values chpsén, the PC molecule is
zwitterionic whereas the P$ molecule is negatively

S charged. The pK_ value of the PS amino group is zbout

(~30%)
. 10 (20) and a certain ,quantity of a ‘second negatlve

charge is building up at pH 9.5. Since, at low pH,

tle local anesthetic molecules are positively charged
v . , . .-

'

..
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Speéulations abxut an ele?tr static interaction anes-
thetic-PS at this pH are jwétified.

A first indication for a chargé interaction is
given by a comparison of the partition coéfficients‘in
FC and in PC-PS'dispersions (Table 5).- The KD values
;n PC-PS dispersions at low pH are four fold larger
than in PC dispersions aleone feor b»oth PRC and TTC.
Such a difference is not measured at high pH, thé KO
values being in the same range (Table S). The increa-
sed partition coefficienfs, because tﬁey were observed
oniy n the charged {orm, are probably not cdue to the
differé%t structures of thé head group of the phospho-
lipid but raﬁher to zn électrostatic interzetion.. The
partition coefficients in the negatively charged PI
.dispersions show the same behatvicur (Table 5).

At high pH, the loecal znesthetic mélecule loses
its proton and begomes_neutral. Its binding in the un~
charged'fo?m increzses substantizlly (Tazble 6).  The
same phenomenon wa; noticed 'in zwitteriocnic PC disper-
sions. These cobservaticons cléarly demonstrate that
‘the charge-interaction is not thg predonminant force
involved in ¥ne binding at high pE and that the hydro=-
phobic interzetions are more iﬁportant.( Moreover, the

large difference in the'Kp valués between TTC and PRC
. - . - - ' -}
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i .
is indicative of a substantial contribution of the

hydrophobic interaction to the binding. Considering
tﬁe non-pola?ity of the major part of the §hospholipid,
the hydrophobic interaction seems to constitute the
driving force leading to tﬁe intercalation of the

local anesthetic molecule into the phosgholipid bilayver.
The hydrophilic interacticns, because they would be
nuch favored in the aqueous medium, are unlikely to
play an important rcle in this case. ?hey édo, however,
affect the pesitioning.of the molecule in the phosphe-
lipid envirconment: the poiar-part of the'locgl‘anes—
thetic will prefer the polar part of the phespholipid.

1

‘These results are in agreement with H NMR (108,‘

109) and ESR (120) studies performed with PS dispersions,
which stated that bhoth hydrophobic'and electrostatic
effects are responsible for the anesthetic-PS interze-

tion, the relative importance of each one depending

on the nature of the anesthetic, Other studies have
2

T
L

shown an antagonism‘be%feen TC and Ca™® (121, 122)
but the conclusion that TTC is more aétive'at low pH
(121) is inconsistent with our partition coefficients
and ?H'NMR measurements; A more complete discussion -
of the force involved wgll be given after localization
of the TTC molecule in Section V.E.e). |

a
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E. Local anesthetics in deuterated PC dispersions

(a) Location of local anesthetic in the bilayer membrane

At pH 5.5, the quadrupole splittings of perdeu-
terated PC multilamélldr dispersions are reduced ﬁﬁon
addition of TTC (Fig. 26). The resoluﬁidn'of the peaks
in the DPPC-dGEIpattern is Yost when TIC is added and
the intensity of the pattern grows towards the middle
as a result of a decrease in its guadrupole splitiing
components. The use of sbecifically—deuterated DPPC
melecules demonstrated that thé Dq values of everg po-
sition of the fatty acyl chain are decrezsed upon addi-

tion of TTC (Fig. 29). The relative effect of TTC on

the Dq values inc¢reases with the carbon position in the

fatty acyi ¢hain; - this is illustrated by plotting

'DO/DGO 2s a function of the concentration-of TTC bound

calculated from the partition coefficients (Fig. 31

and slopes in Fig. 37). These results seem to confirm

. & position of the TTC molecule in the head group regicn

or at the level of the first positions of the fatty.

acyl chains (Section IV.C.c, Fig. 38). Such a position

,

would separate the phospholipid molecules and create

r

extra-available spade 2ll along the chain. The effect

~—
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Fig. 38. Model for the interzction of local ahesfhetic
T7C in the PC lzmellar dispersion. The positively .
charged TTC at low pH (left) remzins mostly at the
phospholipid head group level and the uncharged TTC
.2t high pH is intercalated partly in the head group
and partly in the fatty acyl c¢hains of the phospholgpid.
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on the order would thus increase progressively with

the position of the carbon in the fatty acyl chains

(analogous to the oscillation of a pendulum).

Addition of TTC to head group deuterated FC
dispersions yielded unexpected results. Both ‘the
FC- dQ and the methvlene group Q\\PC d, linked to the
nitrogen shoned an increase _in Dq value but the methy-
lene group linked to the phosphate group in FC-d,
sbcwed a decrease in Dq ?alue upon addition of TTC at

pE 5.5 (Figs. 28 and 29). & A part of the TTC molecule

nmust be in ccntact with the PC head group-and that

part is most likely the charged dimethylamino portion

‘of the TTC molecule which can be neutralized by the

counterions of the buffer. The diminution of the qua=-

drupcle splitting of the methylene linked to the PC

phosphate group results probably from the extra space

below the two ammonium groups of PC and TTC in contact.

+ Similarly to the effect on the fatty zecyl chains, an

inereased level of conformationzl freedom leads to 2
reduction in the Do value. Another possibility is
that the TTC molecule would fix the head group in a

more rigid position whieh would make an angle close to

‘the magice zngle witﬁ the main director axis (Section

I.C.c.i) and then reduce the guadrupole splitting.

e i S an e me AT T T ETAAE R T T
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This proposal seems unlikely in view of {;; opposite

“effect observed on the neighbouring carbon segment.

- A
At pH 9.0, the same phenomenon in observed for

the chain-deuterated DPFC molecules in the presence of
local anesthetic i.e. reduction in quadrupole splittings
except that the effect is shaller for all positions of
the fatty-acvyl c¢hain (Fiss. 30, 32 and 37). For the
carbon-2 of the fatty acyl chain, z very small increase
in the quadrupcle splitting is seen, suggesting that
:the bulky aromatic ring of TTC might be at that level
(Fig. 38). The reduced effect on the otherlcarbon
segments relative t¢ the results at pH S.é are in agree-
ment with such a locatioen.

The fesults for the three deuterate& head gfoup
positions of PC reinforce the proposed location bheczuse
?hey manifest a reduction in their Dq Yalue§. The se-
paration at that level by the local anesthetic in a
deeper position increzses fhe probzability of trans~gau-
che isomerization in the head group (disordering) and
yields a. lower Scﬁ Qalue. It is likely, then, that the
TTC molecule penetrates in & position where its aromatic
nucleus will be in the neighbourhood of the first po-
sitions of the fatty zcyl chains. .

- . . - .
- The PC-PS system zt pH 5.5 has za behaviour iden-
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tical to that of the PC system (Section IV.C.c). The
charged TTC molecule must 3lso be locéted at the level

o=

of the head group of the phospholipids. At pHEE.O,‘éi
hoth the ?é-do‘ and the first methylene of the head
group show an increase in quadrupole split;iné whereas
the sécond methylene ¢of the head group shows the oppeo-
site effect (Fig. 33). These changes are in the sane
direction but much smaller than at pH 5.5; Although
these data could be.explained by a pesition comparable
to that of TTC at low pH., it seems more likely, congi-
dering the difference in the rnagnitude of the pertur-
bation and the deuterzted anesthetic data (Sectidn IV.
C.b) that such is not the case and that a different
conformation cf the PS head group, caused by the TTC
moleéule, is more ;ﬁlausible. Thus, the positign would
be the szme as in PC multilzamellar dispersions.

It has zlso been shown by 2H NMR ef specifically-
deuterated DMPC dispersiocns that‘benzyl aleohol disor-
ders the fatt§ acyl chains (123). It appears that this

local anesthetic molecule would interzct 2t the same

level as PRC or TIC i.e. in the head group region of

the phospholipid.
An ESR study has shown z complex effect of leeal

anesthetics on multilayers of ox brain white matter

o
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lipids when a cholestane probe is used (@6). Above the
pKa value of the local anesthetic, a disordering effect
was obserwved, in "agreement with our data. ABelow the
PRy va;ﬁe‘of the local anesthetics and at léw choles-
terol concentration,  however, an ordering effect was

found. In no case has an ordering effect on the acyl

]

chains been.observed by TH NMR at low pH. Qhe aneé-
thetics have been shown tolhave a disordering effect on
PC-Eholesterol vesicles at sufficiently high anesthetic
¢oncentration using ESP spin label fatty acid probes

-

t oH 7.2 (57). This effect is in agreement with our

n

M

T NMR datz. he c15crea=nc1es between NMR and-ESR mav
be attributable to the bulkiness of the spin label pro-
bes which has an effect on the fatty acyl chains of the

phosbhglipids as repcrted eariier (124, 125).

(b) Cerrelation between deuterated phosuhollnlq and

aeuue" ted loezl aHESuheblC results

/,~\\\v/jThe D, value of TTCd, dec;easegnslightiy when
pH is increasec(Table 9). If the benzenoid moiety of
the TTC molecule moves from tﬁe glycerol backbone regiocn
at low pE to the fatty 2¢yl chains regiqn at high pH,

there should be z decrease in the order on the TTC aro-
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‘'mafic nucleus (69, 126). The quadrupole splitting of
'I‘TC—d6 ét low pH is consistent with its position ﬁt A
‘the head group level, since PCidQ also displays a émall
quadrupele splitting. This D§ value decreases at high 
pH, when the two methyl groups of TTC would be ‘near or
below the phosphate groups, the phospholipid head groups
being more separated than usual because of the effect -
of the aromatic ﬁucleus of 'TTC. The TTC—dS'specqrgm
shoys no'quadrupole splitting at low pH; the effect
of TTC at the glycercl backbone level must be disor&é%'
ring encugh to annihilate the quadrupole splitting of
this termi?al methyl‘group.l‘ - .t

‘At high pHE, howeve&, the.effectfof the arcomatic
nucleus is net as important as at low pHE, because'it
can be zccomcdated by the éauche—trans isomerizations
occurring in the fatiy acyl chains. 1In this case,
TTC-dB_gives rise to z small quadruﬁole splitting (Ta-
ble 9}).

The 2H ﬁMR éignals of specifieally-déutera;ed
TTC in PC-PS dispersions resemble ghose observed in
dispersions ¢f PC zlone (Tablé 1d). The same change
in-location can be postulated. For TTC-d6 at high pH

no quadrupole splitting could be seen under ény condi-

tion as compared to a small quadrupqleVSplitting in”

-
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the corresponding PC case. This result may be inter-

LY

;pretgd*gs'a confirmation of the location of the dime-
thylamiqp group in the head sroup.région of the phos-
pholipid, the 'Dq
of the PS head group (shorter gnd conformationally -

difference bdeing due to the structure

different from FC).

The similarity of the TTC-d2 Bq values in FC
and PC-FS practicaily aexcludes any méjor difference in
location between the two phesphelipid environments.
Small differences in Dq values <an also be attributed

to the fatty acid compositicen of P8 relative to FC

.

(¢) Consideration of specific ferces invelved

The main force responsible for the position of
TIC at low pH given in Fig. 35 is the solwvaticn of the
.positively charged dimethylamino group in 'z highly
polén‘water medium. In fact, & charged speclies is
ﬁsually inséluble in an apolar sclvent. The positive
cﬁarge of ¥7C is surroundedby anions of the buffer and
by phosphate anions of the phosphelipid, whieh can act
as cduntgrions. Considering information that suggestis
- that the heaa group of the phespholipid would lie pa-

rzllel to the bilayer surface (128), the positive charge

LT
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of TTC mlght also be almost in contact with the negatl— . g'
vely charged phosphate sroups. In the arranqement of
Fig. 38, the other parts of the TTC molecuia are in
thcir best envi?cnmenﬁ'&.e: the hydrcphilic part of
the local anesthetic is surrcund d by the hydrophilic
part of the phcspholipid and the n-buty} chain of TTC
is intercalated between the apelar fatty acyl cha#ins
(hydrophebic interaction). Stacking'interccticn (di-

pole-induced dipole) may be regarde® as pessible bdetween

a colarlaable bend {(C=0 er C=0) and the arecmatic ring

~¢f the loeal aHESuhEulC. Such intersctions have been

- , ,
demcnstrated for other biolegical molecules- beth in

i

solution (728) andin the solic state (129). Hydrogen
e * . - .

bonﬁE/;nvogv115 the arozatic zmino group of TTC and the

ca*bcnvl group ¢of the phospholipicd séeg‘unlike&y due to
. . ¥ .

steric hindrance caused by the bulkiness ¢f the aromatic

JE ’ X

nucleus. - _ ‘ ' A

AN

- -

At high pH, the less of the charged group results

- deeper penetraticn of the TTC moclecule in the rhos-

o ?

n

)

phoil idﬁbilayef. The position given in Figa 38 enhan-

ces the hydrophobic interaction'between the n-butyl

3

£

chain znd the fatiy acyT chalcs relaulve -to the\lcw
Al
pE situaticn. & stacking interaction between the car-

bonyl group (dipcle) of the phospholipid and the ben-
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zenoié nucleus (induced dipole) of TTC appears highly
probable; the rest of £hé m&lecule remains surrounded
.by a polar environment .

On the basis of these well- known lnteractlons,
the location of TTC derlved from 2H NMR at low and high
pH seems completely.Justlfled. ,No other position could
aEcomodate both the hydrophilic and‘the hydrophobic
part of the local anesthetic molecule. -

(d) Bffect of TTC on the dimensions of the phospholipid

bilayer.

Deuterium order parameters can be used to calcu-

late the effective length L of a hydrocarbon chain with

n segments (13Q): - r
.- n : i \
<L>.= 1.25 i - Z SCD ) _(59)
2 l=1 - b
=

This equation has been applied to thehdeutefated phos-
pholipid results. The lehgﬁh of .the hydrocarbon chain
segments 2-16 in the DPBC bilayer decreased from 127 7
R £0'12.2 R upon incorporation of 0.1 mole TTC per’mole '
ofVDPPC at low pE.. At high pH,.this length passed from

12.6 A to 12.3 12 when the same amount of TTC was added.

-
- -

-—
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In terms of surface area per lipid molecule, that re-
presentsfa variation from 63.& 32 2 at‘pH 5.5
2 2

to 65.4 &% at pH 9.0. The charged

to §6.0 R
and from 63.7 R
species has a greater disordering effect and perturbs
more the dimensions of the phosphoiipid than does the
uneharged species.

For lotal anesthesia, the expansion of membrane
area ranges between 2-4% and the eoncentration of anes-
thetic bound is of the order of 40 mmoles/Kg membrane
(24). Eoe the same concentraﬁioh of anesthetic bound,
TTC would produce an increase ih area of the phospheli-
pid of 1-1.5%, the remaining expansion being due to the
local anesthetic itself;

- These data are in .agreement with the conelusions
of a 2H_NM3 study using benzyl aleohol (123) but'hoé
with blaek lipid membrane capacitance and conductance
) measurements which have shown an increase 1n‘membrane
thickness (12 &) using the same local anesthetie (131).
The disordering effect on the phospholipid membrane
caused by the anesthetic intercalation is an explanatiocn.
for the reported decreases in the phospholieid phase
transition temperatures (38). The aneethetic effect is

opposzte to the cholesterol effect which has shewn. an

increase in membrane thlckness ‘and orderlng (69).

pr




F. Effect of local anesthetic on the PC phosphate group.

‘m

A chéngé in.chemical shift anisotro;y Ao in the
31? NMR spectrum may be due fo a change in order but
may also originate from a modification of the 5'P che-

mical shift tensor without relation witi® the order
(Section I.C.d). An increase in ac was observed for
TTC at low pH-but no variation occurred with PRC or

" TTC at high pH or with PRC at low pH ;n PC dispersions

(Seétion IV.D). Since a change in the chemical shift

tensor would most likely result from a strdﬁs interac-
2

-~

tion such as electrostatic bindiﬁg ana since the "H

NMR results suggest that the local anesthetic molecule
simply intercalates without important electrostatic
‘binding to the phosphate (Section V.C.c), the spectra
can probably.be interpreted in terms of order.. An in-’
crezase in order 1s detected only =zt iBw pH for TTC in
agreement with the position of the aromatié nucleus
determined by 2H NMR and illustrated in Fig. 38. The
latter resuits exc¢lude the interpretation of the TTC
effect in terms of 2 simple phosphate-zmmonium electro-
sfatic interaction proposed el;ewhere {101}. The loca-
tion of TIC in PC dispeésions at high pH given in Fig.
38 is consistent with the negligible effect observed

31

in the P NMR spectrz (Fig. 35). The absence of par-
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titioning £or PRC at low pH explains the lack of effect

in that case while a peripheral and possibly inverted

'position for PRC would account for the lack of change

t

31.

in .the ”'P NMR spectrum at high pH.

The single resonance observed on the 1P NMR
powder pattern before addition of local anesthetlc
arises from the phosphate ions contained in the BPC
buffer. The increase in intensity of that single re-
sdnance at- low pH and the appearance of a second peak

dt high pH are indicative of the formation of an iso-

tropic phase (possibly vesicles) in minor amount. No -

- important structural change is observed, unlike that

observed with the other loeczl anestheties, dibucaine

and chlorpromaziqe, which induced 2z transformation

_from_bilayer to hexagonal phase in ecardiolipin disper-

sions (132). Dibucaine also reversed the action of

2*2 by transforming PS PE 20:80 dlsperSLOns from the

hexagonal to the bllayer phase (133).
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VI. CONCLUSION

'_\ | o
A. Shhmarv l/ ?

»’ . -
’/ - .
!

/ The techniques of °H and.STP NMR have allowed
T the localization of the local anesthetic molecules
\PRC and TTC in model membranes consisting of PC and
,PC -PS 111 multllamellar d;spers;ons The blndlns of
“ the charged and uncharged forms is dlfferent and is
dominated by hydrophobic forces and solvation require-
mehﬁs. The PRC'moiecule, which binds only in.its.un-
charséd form, intercalates at the head group level ang
its aromatic part seems to be directed towards water.
TTC binds in both the charged and unchaiged forms and
has its dimetHg}gmino group closer to water. In its
uncharged form, TTC penetrates deeper into the-bilayer,
partly between the fatty zcvl chains and pa{tly between
| the hezd géoup. Thesé posiiicns are'relevaht-to_the
strodgly-bound species but there ?iists also in zll
cases, z weakly-bound species whose location is a2t the
lipid-wzter interfzce. _
A theoretical treatment of the effect of chemical
exchange has zlsc been developedﬂsnd its appliecation
to our conditions zllowed an azdequate simulation of

the spectra.



B. Comparison with earlier models

On the basis of fdrce-area measurements with °
. mohoocta&ecyl phosphate monolayéfs (134), PRC has been
. reported té bind stoicﬁiometricglly to the-lipid. |
. The area expansion produced,by'fﬁc was consistent with
'aﬁ hori:ontal-position'of the lobal anesthetic molecule
in the head group region which would separgte the mole-

es of octadecvl phosphate by a length corresponding.

to\the length of the PRC molecule. Another study, using
ipids and lipids from nerve and muscle (95);
concluded at "local anesthetics form 1:2 molar comple-
xes probably by ion=-ion and ion-induced dipole tvpe

of blndl:s at the phosphate groups ¢f the lipid. A

model was drawn for TTC in the charged ferm where the .
two amino groups of the TTC molecule would interact

with the phosphate groups of the phospholipid; the
molecule would lie horizontzlly at the membrane surface
but bent in z wayv that its n-butyl chain is oriented

parallel to the fatty zeyl chains. It is difficult to’

compare the PRC model with ours because a different

lipid was used. However, cons derihg the flexibility

of the head group, the PRC culg is unlikely to se-
h 8

parate the PC or PC-PS molecules épart,to a distance

corresponding to the PRC length. Moreover, the zbsence
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'of "effect of PRC on the 3'P NMR spectra of PC disper-
sions sgggests that the ldcal anesthetic-phosphate
interaction is not strong. Our data are. indicative
of an ipteraction at the head group level but also of
a parallel intercaletion-befween the head groups of
the phospholipid (Section V.D.b). The TTC-phospholipid
interactien deec}ibed above is completely ineonsistent
with our coﬁclusions except for the fact that the-TTC
molecule ie located in the head group region of the
phospholipid. ‘

' ana 3¢ NMR studies (101, 107-109) have all
suggested a strong electrostatlc interaction between

' TTC agg the phospholinialPOu group.

the dimethylamino group.of E NMR data at pH 5.5
demonstrate that this is not the case but that the di-
‘methylamlno group of TTC is in contact with 'water.
If the phosphollold head group lles parallel to the
bilayer surface, the positively charged amino group

of TTC might be surrounded by a phosphate ehyironment, ‘

with no stropg link to the immediately neighﬁburing

molecules. '<:\c;<:::::j
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C. Significance of the results for the mechanism of

local anesthesia

P

. At the present time, there exists no consensus
about the mechanism of action of local anesthetics.

Theories about a lipid_action and about a protein ac-

tion. are both defended but without definitive proof

<

(Section I.A.¢). In view of the strorg binding of

local anestheties to phosbholipids, theéries baggd on
an effect at the protein levgl cannot exclude a step
involving an interaction with the 1lipid phase. Since
n§ protein has Peen u;ed in our experiments, -it is not
possible to Support‘a definite mechanism from our re-
sults. The main contributiop of this work is that the
local anesthetic-phospholipid interac;ion has- been cha- A
racterized in a better way than in anj earlier study,
mostly begause of the ytility ofl the 2H NMR technique.
%he existence of two binding sites and the localiéatién
of the strongly-bound site Aid'never-been demonstrated
previously.v ’ )

Supposing that,z proéein is fesponsible for the

phenomenén of énesthesia, the lipid pﬁase maylserve as

a channel through which the local znesthetic would come

into eccntact with the prbtein molecule. As propdsedl
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: earlier (135), the local anesthetic molecule might
disorder the boundary lipid layer surrounding the pro-
tein and thus, perturb the conductivity process. In
fact, a number of possibilities have been suggested;
the definitive elucidation of them will come when more

complex systems are investigated by NMR or similar

physical teéhniques. Our results chéracteri:e the

first part of a possibly'complicated mechanism.

- . 3




201

D. Future work

This local anesthetic project should be deve-
loped in several Qirectiohs in'the future. As mentio-
"ned earlier, a quantitative tgxatment of the partition

24 NMR

coefficients and the relative peak areas in the
spectra using the Gouy-Chapman tﬁeory is in progress
and will be reported later. Another project migﬁt be
concerned with the use of éross-polarization techniques
between the phospholipid and the local anesthetic in
order to verify the locations derived from 2H NMR.
Evenﬁually; the uée of more complex membrane systeﬁs
;ncluding proteins might 1e3d to the‘cdmplete elucida-~

‘tion of the mechanism of anesthesia...

-

»
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X RESUME

Le mécanisme d'action des anesthes;ques 1ocaux ’
sur les membranes des cellules nerveuses, bien qu 11 .
‘ait:eté etudle par de nombreuses techniques, n'a pas
eté élucidé de fagon définitive. Ce travail présente
une étude de l'interaction des anesthésiques locaux, .
procaine (rRC) et tétracaine (TTC), avec des membranes
modeéles consistant de dispersions multilamellaires des
phospholipides rphesphatidylcholine (FC) et phosphati-
dvlserine (PS) par résonance magnétique nucléaire (RMN)
du deu;ériumlet du phosphore-31. Ces techniques ont
i'avagtase de permettre l'observation d'une molécule
dans unlmii;eu ol les mouvements moléculaires sont res-
treints, comme clest le cés dans les systemes biclogi-

ques. _ . i

Des molécules-deutérées_de procaine (PRC-d2 et

PRC-d,) et de tétracaine (TTC-d TTc-dg'gt TTC-d.) ont

2!
été synthétisées. La phosphatidyleholine a2 été deutérée

dans les chaines d'acide gras (DPPC—x-d2 et DPPC-16'-d.)

3
et dans le groupe de téte (PC-d. et PC-4,). Aprés une

caractéq}sation du systeme oisi\(coefficients de par-
tition, pKa, solubilité, ete), legfconditions optimales

d'observation par RMN ont été dét rminées. Les anes-
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'thesiques locaux ont ete etudies dans leur forme posi-

tivement chargée (pH 5.5) et dans leur faorme non- -chargee

(pH 9.5) & des temperatures ol les phosphqiipides se

trouvaient sous forme liquide crlstalline i

Les résultats suggerent que la molécule d'aneé—ta
thésique est lide de deux fagons, faiblement et forte-
ment i.e. en échﬁnse rapide et en échange lent avece le
miliéﬁ aqueux environnant. Ces deux sites sont déduits
due fait que deux types de- resonance sont observés dans
le spectre E“N un spectre de poudre (écart quédrupo--
laire) correspondant 3 l'espéce fortement lide partiel-
lement immebilisée et une résonance simple mais €largie
dont la largeur de raie dépend de la quantlte falblement
liée au lipide.. La quantité 4° anesthe51que dans chaque
site 1lié et dans l'éau dépend des_conditions.expérimen-
tales: rapport eau: lipide, coefficient de partitien,
ltemperature. E% traltement quantztatlf des coefficients
de partltzon a permis de déterminer que les deux formgs
de l'anesthésique, chérgéé et non-chargée, sont fortement
liées>au lipide. |

Les spectres RMN du deutérium d'anesthésiques
locaux marqués en présence de dispersions de PC permettent
'd'affirmer qﬁe lz position de l'anesthésique dans lz mem-~

brane est différente aux deux valeurs de pH. Le grand
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écaft quﬁdpupolaire observé avsc TTC-d2 a haut et % bas
pH indique un'haut degré de restriction i.e. le gfou— -~
pement aromatique se\trouve dans une partie trés ordonnée
de .l1a membrane (partie glycerol ou chaines d acides
gras) Les écarts quadrupolaires des groupes methyllques.'
TTC- dq et TTC- d6' varient de fagon contraire sous aug-
. mentation du pH, ce qui indique un changement de position
de 1la molecule dans la bicouche llpldlque. Frocaine ne
.Qe lie que falblement & bas pH mais a haut pF des ecarts
quadrupolaires relatlmemgnt petits sont observés pour
PRC-d, et PRC-d;. La molécule‘n'est probablement 1ide
que de fagon périphérique au Sroupe de téte de FC.
L'emploi d'un mélanselde PC et de PS pour laz for-
mation de disperéions multilamellaires démontre une liszi-
son accerue 2 bas pHE qui est att rlbuable & l'attraction
de la charge négative de PS pour la charge positive de
TTC. Les résultats de RMN.pour TTC sont trés semblables
& ceux obtenus avee PC. Aucun écart Quadrupolaire n'est
observé pour PRC-d2 2 haut ﬁH, contrzirement 2 un fzible
écart avee PC, ce qui suggére que la partie aromatique
de la molécule serait la plus rapprochée dé lz phase a-
queuse. En effet, cette portion de la molécule est plus
polaire que la partie contenant l'amlne tertizire quand

celle-ci est non-chargee.




L'additioh de TTC 4 des dispersions de PC spéei-
fiquement deutéré dans les chaines d'acide gras pr§voq§a
une diminution de l'ordre dans ces .chaines i bas et a

~haut pH, 3 l'exception de lé positiog 2 de la chaine &
haut pH. L'augmentation de l'ordre dans le groupe.ée
téte de ?C'pour les groupes méthyles. et le grodpe @éthyh
léne 1ié au gEroupement phosphate, indiﬁ&e uné,forte in-
teraction 3 ce niveau. Dans sa forme chargée, la ho;é—
cule de TTC s'intercale de faccﬁ parallele au_éroupé de
teéte du Phespholipide. La{partie aromakiqug est alors
'située au niveau du groupement glycérel et la chaine
n-butyle pénetre au milieu 3es prgmiers_carbones ;;’la
chaine d'acide gras. A haét-pﬁ, on.n'observe gqu'une
réduction'légére des trois écarts quadrupolaﬁres des
groupes dertéte. La mclécule pénétre dene un peu plus
brcfondément dans lz biccuche lipidique qu‘é pE 5.5 et
le néyau aromatique est dans la région des premiers nmé-
'thylénes de lz chaine hvdrocarhonde. Les résultats des
phospholipides deutérés sont en zccerd avee les données
sur les znesthésiques deutérés et zvee les spectres de
phosphore—é1 ol un effet n'est observé qﬁ'é pH 5.5 zvec
TTC. ’ :
. Fipabeﬁgnt, des équations ont aussi été dérivées
ﬁour czleuler i'effet de l'échange sur les spedffes RMN

du deutérium et ont été appliqués avec succes zux spectres

des anesthésiques loczux.
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