CANADIAN THESES ON MICROFICHE

4

THESES CANADIENNES SUR MICROFICHE

1)

I * National Library of Canada

Collections Development Branch

Canadian Theses on

Microfiche Service sur microfiche

Ottawa, Cénada
K1A ON4 : .

NOTICE

The qualify of this microfiche is heavily depepdent
upon the quality of the original thesis submitted for
microfilming. Every effort has been made to ensure
the highest quality of reproduction possible.

If pages are missing, contact the university which
granted the degree.

Some pages may have indistinct print especially
if. the original pages were typed with a poor typewriter
ribbon ar if the university sent us a poor photacopy.

. . . .

n

.. Previgusly copyrighted materials {journal articles,
published tests, etc.} are not filmed.

Reproduction in full or in part of this film is gov-
erned by the {anadian Copyright Act, R.S5.C. 1970,
c.. C-30. Please read the authorization forms which
accompany this thesis.

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

NL-339 (r. B2/08)

1S.B.N. *

Bibliotheque nationale du Canada
Direction du développement des collections

Service des théses canadiennes

AVIS

La- qualité de cette microfiche dépend grandement de
la gualité de la thése soumise au microfilmage. Nous

. avons tout fait pour assurer une gqualité supérieure

de reproduction.

S'il manque des pages, 'veuillez communiquer
avec l'université qui a conféré le grade.

La qualité d'impression de certaines pages peut
faisser a désirer, surtout si les pages originales ont été
dactylographiées a I'aide d'un ruban usé ou si l'univer-
sité nous a fait parvenir une photocopie de mauvaise
gualité.

Les documents qui font déja l'objet d'un droit
d'auteur (articles de revue, examens publles etc.) ne
sont pas microfilmés.

La reproductlon méme partielle, de ce microfilm
est soumise a la Loi canadlenne sur le droit d'auteur,

SRC 1970, c. €-30. Velillez prendre connaissance des

formules d’autorisation gui accompagnent cette thése.

i " LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS RECUE

- ﬁnCanad"'



NUCLEAR MAGNETIC RESONANCE STUDIES OF

THE INTER‘ACFION OF LOCAL ANESTHETICS WITH MEMBRANES

“AND

MOTIONS [N SOLID n—ALKANES

_ Eric Charles Kelusky
. M.Sc., Brock Upiversity

Thesis submitted to the Scheool of Graduate
Studies, Umiversity of Ottawa, in-partial
fulfillment of the requirements for the
Degree of Doctor of Philosophy in Chemistry

. Ottawa, Ontario
April, 1983

e

(E;) Eric Charles Kelusky, OTTAWA, Canada, 1983.

e



1 3
. *
. .
Y .
- t
.
. rl i
.
fﬁ'
.
. .
: . oo
.' . e
\(‘\‘
Y
o { .
| : :
A ] .
.
.
.
‘ .
.
.
S
L}
&

-4 -,

Perhaps the worst plight of a vesse] is 1o be

caught in a gale on a Ice shore. In this

-connection the foliowing .. . rules should

be observed :

1. Never allow your vessel to be found jn .
such a predicament . ..

'

. CALLINGIIAM, i )
Seamanship: Jottings Jor the Young Suilor
-

W



ii

ABSTRACT i

The work presented in this thesis represents an
investigation of two problems., The first is a study of

the interaction of two local anesthetics, tetracaine

(TTC) and procaine (PRC), with phosphatidylethanolamine

;{fEP and phosphatidylcholine (PC) model membranes and

with membranes of human erythrocytes and‘AchoZepZasma
taidlawiti B. 3éhe second problem is an investigation of
the motions of the long chain n-alkanes in their various
salid phases.

The interaction of tetracaine and procaine with
multilamellar dispersions of phosphatidylethanolamine
has been investigated using 2H NMR of specifically deu-
terated anesthetics. Tetracaine is found to partition
more strongly than procaine intp the lipid. The 2H NMR
spectra show a Pake doublet and a narrow line, with the
former corresponding to memﬁréne Bbund anesthetic and the
latter to anesthetic which is free in sqlution. The
integrated areas of ghe narrow line and the Pake‘doublet
correspond to the concentrations of free and bound anes-
thetic predicted from the partition éoefficients. There
is no strong pH dependence for the quadrupole splittings
of TTC, suggesting a similar depth of penetration into

the PE bilayer over the entire pH range. The data are

consistent with a'model in which TTC acts as a wedge to



iii

stabilize the phosphaéiéylethanolamine bi}gyer agaihst
transition tco a hexagonal strﬁcture. Théhépin lattice
relaxation times (Tl) are geherally shorter_in thg mem-
brane than in solution, suggesting slower moctions,
particularly for the aromatié ring of TTC.

The binding of tetracaine and procaine with multi-
lamellar dispergionslof egg phosphatidylcholine has been.
reexamined. The 2H NMR line shapes of specifically .
deuterated local anesthetics are.found to be very dependgﬁtw
on the attainment of a true equilibrium conditioﬁ. The
~equilibrium could most properly be reached by the use of
repeated freeze-thaw-vortex cycles. _The’data for tetra-
caine are consistent with the three site exchangé model
proposed earlier [Y. Boulanger, S. Schreier, L.C. Leitch
and I.C,P. Smith, Can. J. éiochem. 58, 986 (1980)]).
Tetracaine is in slow exchange between a strongly bound
site and a weakly bound site and in fast exchange between
the weakly bound site and free in solution. The slow
exchange rate is estimated, from temperature and dilution
studieé, to be approximately 1.5 x lO3 s_l at pH 5.5, and
Siightly faster at pH 9.5. Comparison of ;he quadrd?olé
splittings in PC wi;i;;hose seen in PE suggest that the
location of the strongly.bound site is very dependent on
the anesthetic charge. This is in contrast to egg PE,

where the molecular shapes appear to be the dominant

factor in the anesthetic location.
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The influence of TTC and PRC on a bilayer of spe-
cifically deuterated DMPE was studied by 2H and 3lP NMR.
Tetracaine is observed to penetrate into the hydrocarbon
region while PRC does.not. Tetracaine also induces
changes in the conformaticn of the ethanolamine headgrcup.
‘It ;ppears that both the éhérged and unqharged forﬁs of
TTC penetrate to the same depth in the PE bilayver. As
with the studies of labelled TTC in egg PE, it is apparent
that\it is the molecular shape, not the charée, which is
importantlin anesthetic - PE interactions.

At iow pH the %et diffusion rate -{a combination of
the TTC and PE rates) is slow on the 2H NMR time scalé,
resulting in the observation of two populations of DMPE.
This is the first example of a slow lateral diffusion and
it l%kely arises from increased headgroup interactions
betwéen PE's and between PE and TTC. : ’

The interaction of TTC and PRC with membranes of
human erythrocytes and Acholeplasma Zaidlawii B was also
studied. Exchange rates of anesthetics between biological
Wembranes and water are proposed to be much faster than
in the model membrane cases and the quadrupole patterns
are therefore not obsgrved. However the spectra do
indicate that TTC penetrates into the hydrocarbon region
while PRC does not. ‘Thereris no major‘diffefence fetween

the results at high and low pH, suggesting a similar depth

of penetration for both charged and uncharged TTC. ‘It is
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also proposed thdt the TTC molecule sits somewhat higher
in the bilayer of a biological membrane than in model
bilaers.

The 2H NMR spectra of perdeutercncnadecane ana
several specifically deuterated nonadecanes were examined
ingsolid phases I (orthorhombic) and II (rotator). In
phase I the central portion of the chain is static on
the time scale of 107> seconds; however, the chain ends
are subject to torsional motions. In phase II, the chains
undergo hindered rotation, The phase II spectra of the
methylene groups, located in the centre of the chain, can
be simulated with *a model in which the rigid chain under-
goes 8?0 jumps between equivalent sites. However, this
model is inadequaté for the methyl and met lene groups
near the chain ends. The data suggest high ‘\amg}ltude
of torsional motion in these positions. /j

Studies of the C,, n-alkane, specifically deuterated

at positions 2, 4, 6 and 11, confirm the rigid central

portion of the chain in phase I. There is clear evidence

~

for motions at the enashof the chains. These motiocns are
consistent wiéh small angle jumps which increase in size
with proximity to the end of the chaiﬁ; and which persist
down to -20°c.

The CZl'alkane chain in phase II, like the Cl9'

undergoes hindered rotation, and again not as a rigid
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rotator. The chains undergo jumps of 82° at the centre,
but this increases slightly starting at carbon 6, and -
reaches 86° for the final methylene. The jump angle is
also observed to be temperature dependent in-phase I1;
increasing by 4° over the .phase IT temperaturé range,
Superimposed ¢n the chain junmping is_an off axis motion a
which correlates with the‘appearance of gauche rotamers.
For the C35 n-alkane, 2H NMR cannot detect any
moticons in the low temperature solid phases< In phase II -
the alkane undergoes restricted jumps just slightly smaller

and C,,.

than those observed for the Clg 21
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CHAPTER I L

INTRODUCTION /-)

F
I.l Membranes: Biological and Model

The bioclogical membrane represents alcomplexigtructure—
function correlational probiem in the study of living organisms.
The membrane acts both as a site for biochemical activity ard
as a barrier between the intra and extracellular ‘environments.

In its role as a barrier the membrane is selective, rejecting
- N ’

the passage of some materials while actively transporting
others.

This mulﬁi—functional facet of the membrane arises as
a consequence of its compogition and structure. The membrane
is known to be composed of both pHospholipids and ﬁéutral
lipids as well as proteins and carbohydrates. Its organi—
zation is now ge%erally accepted to conform to the fluid
mosaic model of Singer and Nicolson (l). In this model
(Figure 1) the lipids form a bilayer structure with their

J

nonpeclar, hydrocarbon regions facing inwards and théif polar,
hydrophilic groups facing outwards to the intra and extraw"
cellular media. The proteins are located within this lipid
matrix, either spanning it completely (intrinsic) or facing

one side only ({extrinsic). Cell surface receptors and anti--

gens would reside on the hydrophilic surfaces of the bilayer.
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The bilayer structure of
mermbrane = proposed in the’ Fluid Mosaic Model

Figure 1.

(1).
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In many biologicalﬁmembianes the bulk of the bilayer
lipids are phospholfpids. These compounds consist of»a
?glyéerol backbone with fatty arid esters at the first-+two
-positions and a phosphate at the third. The phosphate,
in turn, can be esterified to a variety of different alco-

hols, thus defining the different classes of phospholipids.
Figure 2 shbws the genefal structure of the phospholipids
and the more common headgroups. The fatty acids can have
varying chain lengths and degrees of unsaturation, however,

in natural lipids it is most common for the unsaturated

N v

lipids to occupy the 2 position of the glycerol backbone.
The presence of the ndnpolar, hydroca;bon region and‘the
polar phosphate headgroup‘gives the phospholipid ité So-
called amphipathic éharacter. It is this character which
allows it -to form the bilayer érrangement in natural
membranes.

In-many studies of membrane structure and function it
is desirable tc simplify the system by making model membranes,
out of a single phospholipid, and therefore, studyiné only
one membrane component at a time. Dispersions of phospho-
lipids in water can take several forms depending on geometrical
and thermodynamic considerations (2, 3). The most common form
is the liposcme or multi-lamellar dispersion (Figu:e 3A) -in
which the phospholipids are arranged in concentric biiayers;‘

much as in the manner of an cnion skin. Water is located



In real lipids, R and R" are usually saturated and
unsaturated acyl chains, respectively.

R ~ PHOSPHOLIPID
—-H Phosp‘hé‘tidic acid PA
NH,
-CH,—CH —CO; Phosphatidylserine PS
—CHZCH2§H3 Phosphatidylethano lgmine PE
—CHZCHZI-G (CHy); | Phosphatidylcholine PC

Figure 2. Structures of the common phospholipid classes,
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between successive layegs, in contact with only the
hydrophiiic, polar regions of the lipid. This structure
most closely mimics the bilayer arrangemént in natural
membranes and thus represents a good model system.

Severai other lipid phases are possible, including ’
inverted hexagonal, hexagonal and micellar._ In the inverted
hexagonal formt(Figure 3B) thelphospholipids are arfanged
in a cylindrical tube with the headgroup facing inwa}d.
W%Fer is located En the central region of this tube. This
f;rm occurs in Seve;al lipids, including phosphatidyletha-
nolamines, but has not been observed in natural membranes.

However, the hexagonal phase has been implicated in several

membrane processes including membrane fusion (4).

I.2 Theories of Local Anesthetic Action

v

Local anesthetics encompass a wide range cf chemical

structures and have the common characteristic of being

able to block nerve conduction. Chemicals .observed to
pocssess such activity include amino-carbamates, amino-
ketones, alcohols, ureas, thioethers, and simple amines.

‘for general clinical use, amino—esﬁers such as procaine and
ﬁetracaine are often used (Figure 4}. In North America,
amino-amides such as lidocaine and mepivicaine have replaced
the aminc-esters for most clinical uses because of the

-absence of allergic reactions (5, 6).
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Figure 4. Some .common &amino-ester

and amino—amide local anesthetics.



Local anesthetics exert their major pharmacoldgical
action by .interupting the excitation-conduction process
of peripheral nerve fibers. During periods of inactivity = .
a resting potential of approximately -70 mV exists across
the cell membrane, This voltage difference, across the
membrane, arises from the ionic composition of the intra
and extracellular fluids. At rest, the extracellular
concentrations of éodium and chloride are 140 meq/L and
110 meq/L respectively, while the concentration of potas-
sium is 3-5 meq/L. Conversely, the intracellular fluid
has a high concentration of potassium (110-170 meg/L) and
low concentrations of sodium and chloride (5-10 meg/L) (5).
This ionic differentiation arises in part from the attraction
of botassium ions to the negative charges locélized on the
inside of the membrane. This attraction acts to overcome
the tend&gpy of potassium to diffuse across the bilayer
while for sodium and chloride ions the membrane acts as an
impermeable barrier.

For the propagation of a nerve signal, excitation
initially causes a slow depolarization of the membrane.
When a critical, or threshold potential is reached, a very
rapid-depolarization occurs, leaving the membrane with a
pﬁsitive potential of approximately 40 -mV. The slow depo-
larization results from the inward flow of sodium ions at

a rate slightly greater than the outward flow of potassium.



Since the resting membrane is normally impermeable to
sodium, the nerve stimulus must open a small portion of
the sodium channels, which exist in the nerve membrané,
to allow sodium ions in. This net inward flow of positive
charge will slowly cancel the net negative charge in.the
intracellular environment {Figure 5A).

When the threshold potential is reached (also called
a firing threshold) there is a cascade of sodium channels
opening. An extremely rapid influx of sodium ions results
and the potential quickly becomes positive (+40 mV). fhe
cell responds quickly to restofe the lccal cation concen-
trations by increasing the potassium permeability and
closing the sodium gates. Duriné this repolarization £he
total cation concentrations are quickly restored, however,
an excess of sodium is left in the intracellular fluid
and an excess of potassium in the extracellular fluid.
These levels are restored by the active transport of sodium
and potassium through the Na+/K+ pump.

Local anesthetics could act to prevent propagation
of thg nerve impulse by interfering with this seguence
in sevefal places. The anesthetic could act to lower the
resting potential, raise the firing threshold or alter the
rates of depolarization or repolarization. Experiments
on isolated nerves have shown that neither the resting (7)

nor the firing potentials (5) are significantly affected
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by local anesthetics. Rather, the depolarization rate

is seen to decrease with increasing anesthetic addition.

If a sufficient quantity of anesthetic is added, the

firing potential will not be reached aﬂd the nerve impulse
will be terminated (Figure 5B). The local anesthetics
appear to be acting to close the sodium channels and pre-
vent the influx of sodiu% ions required for depolarization.

There are many theories on the mechanisms by which
local anesthetics inhibit the sodium influx, but they
can be generally classified into two, main areas. First,
the anesthetic may act to Block the sodium channel directly
(9) or bind to the protein‘gat a specific receptor) in such
a way as to alter the proteiﬁé conformation and close the/
channel (10). The second general classification is known
as the lipid hypothesis and encompasses a ﬁariety of models
for anesthetic action. In general, all 5f these models
involve anesthetics interacting with the lipid and altering
a physio-chemical property of the lipid matrix. This
altered property results in a modification of the protein
conformation which closes the scdium channel.

The interaction of local anesthetics directly with
the sodium channel has been demonstrated conclusively only
with the biotoxins, tetrodotoxin and saxitoxin (11, 12).
These toxins block the ocutside opening (13) of the sodium

channel, but even subtle modifications of their structures

e
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will nullify their anesthetic activity (14). BAnesthetics
"have also been shown to cause conformational‘and structural
changes in proteins such as hemoglobin (15).

Many authors have proposed a specific receptor (16)
located on the inside of the membrane (17), in {18) or
ngar the sodium channel (10). Tt is proposed that it is
the charged form of the amine type anesthetics which
iﬁteracts with these sites (17). quever, the strict
conformational requirements on the biotoxins, which defi-
nitely interact with the sodium channel and the general
structural variability found among local anesthetiés (some
of which are never charged) makes a specific sodium éhannel—
anesthetic interaction difficult to rationiééég for all of
the known anesthetics. Pl

The so-called lipié'hypothesis of anesthetic action
dates back to the beginning of this century when Meyer
(19) and Overton (20) were able to show a strogg correlation
between aﬁesthetic potency and lipid sqlubility. Subsequent
work has added a great deai of thermodynamic evidence to
the theory of a site of anesthetic action with lipid ¢ha-
racter (21, 22, 23). The lipid hypothesis now encompasses
a number of specific models involﬁing anesthetic-lipid
interactions.

The first model involves changes in phase transitions

and fluidity. Experiments have shown that anesthetics, at
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clinical concentrations, depress the phase.transition
temperatures of model membranes by 2—50C (24, 25) and
increase the fluidity of model and real membranes (26, 27,
28). An increase in.fluidity as a cause of anesthesia is
unlikely éince a strong fever will cause a rise in tem-
peraturé which géves a compargble fluiaity change (22).
bhanges in the phase transitio haﬁe been suggested to
result in local domains of gel and iiquid crystal. This
gives a lateral phase separation which can then clbse the
sodium channel (29). However, this seems an unlikely
mechanism for a real membrane which will have cholesterocl
and unsaturated fatty acids. The former acts to eliminate
the transitiog and the latter to lower the phase transition
temperature well below physiological temperatures. The fed
cell membrane, which has a similér composition to the mémf
brane of the giant squid nerve (30) shows no phase tran-
sition down to -5°C (31).

It has been sugéested that the actual iipids of
importance are those immediately in contact with the protein
{a 1lipid annulus). Lee (32) has proposed that these 1ipids
exist in the gel state and the anesthetic causes a tran-
sition to the ligquid crystalline state., The increased
fluidity forces the sodium channel to close, inhibiting
the propagation of the nerve signal. Although mény authors

have proposed a boundary lipid for'proﬁeins, of the general
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type required for the annulus, only ESR results have shown
indications of lipids in contact with a proteanﬂBB 34).
2H NMR experiments, on several lipid/protein systems, have

not shown a boundary lipid. It has been suggested that

" the lipids are in exchange between protein-Bound and bulk

lipid at a rate which is fast on the 2H NMR time scale

(1073-107%s), but slow gn!the ESR time scale (107109107 8)
(35). It is difficult to reconcile thié requirement for
rapid éxchange with Lee's lipid annulus model. Lee's
.msﬁelrrequires lipids whiéh are more stronéiy bound and,
iﬁaéed, in the éel state, . ‘ ¢ B
| While al%.oﬁ the ;urrehp theories exp}ain some aspects
of the mechanism of angsthesia, they arqiéfi deficient in
some manner.- Protein ana specific receptor models céftainly
have some strong, evidence in their favour, but the wide
range of §tructureé (both clarged and neutral) which exhibit
anesthetic potency seem to rule against them. Theories
“fhvolving physio~chem%cal changes in the lipid certainly
show excellént correlation with anesthetic potency, but are
“those changes sign}ficant in a real membrane?
A recent model of a sodium channel has been proposed
which allows for a heterogeneous site of anesthesia (22}.
The‘sodium channel is proposed to be a single, trans-

membrane protein, with a subunit on the axoplasmic side

to' facilitate inactivation of the channel (36) and with at

o
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leas}? three hydrophobic arms extending out into the bi-
'layér (Figure 6). The arms have a negative charge .on

the ends and in the resting state are repelled from the
intracellular side by the large negative potential

(Figﬁre 6A). On depolarization, the transmembrane
potential approaches neutral and the arms move across
tﬁg‘bilayer creating the sodium channel.ﬁ Because of the
altered potential, this cqnformatiqn represents a new free
energy minimum (Figure 6B) for the sodium cganﬁél. When
the arms méke contact with the inner side of.the membrane,
and- sodium ions are flowing in, the inactivation processes-
start (Figure 6C) with a conformation cﬂange. As repo-
larization occurs the arms return to their ?figipaliagsition
(Figure 6D) and when the initial ionic'conéentra;ions;aré
restored, the restiné state is re-attained (Figure 634},

This model of the sodium chj?nel represents a -

heterogeneous site  of anesthesia.

-

Anesthetics which appear
to have some specificity of charge (like guaternary salts)
could interact with the inngr end of the sodium channel

or the protein arms in Figure 6A.. Biotoxins. could interact
ét the pore opening and hydrophobic anesthetics could
partition into the lipid, near the arms, and prevent the

sodium channel from opening. - =
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Figure 8. Trudell's model for the sodium channel
(20). (A) Resting state with the negative arms
at - the extracellular surface. (B) Conducting
state after depolarization. (C) Inactivated
channel. (D) Channel during repolarization. A direct
change to state B is not possible until repolar—
ization is complete.
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I.3 Alkanes

The solid state behaviour of the n-alkanes has been
thé'subject of much interest in recent years. These com-
pounds represent simple models for the more compiicated
chaiﬁ behaviour found in membranes, liguid crystals and
polymers. In particular, model and biolééical membranes
are known to undergo pﬁase transitions involving the hydro-
carbon chains.

Th; long chain n—alkanes, containing an odé number
of carbon atoms, are known to undergo solid;solid phase
transitions prior to melting (37, 38, 39). Figure 7 shows
the transition temperatures of the odd n-alkanes as a
function of chain length (39). For the n-alkanes of from
9 to 23 carbons there ié‘only one solid-solid phase tran-—
sition. This is from the low temperature, Phase I to the

high €gmperature, phase II (also called rotator or hexagonal}.

The low temperature.phase has chains which are all trans

-
) f

and packed parallel to each other in an orthorhombic unit
cell. The high temperature phase is characterized by an
exXpansion of the unit cell dimensions (40) and the opset
of hindered rotation about the chain long akis (41-43) .
The motions of the alkane chains in phaée II has
been the subject of much research and speculation, since

Miller first reported the existenée of phase II in 1932
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(37). Miller identified the chain packing as hexagonal,
but assumed a hindered roctation about the chain long axis.
This type of packing would give a freely rotating alkane
chain and later work has shown that the packing is, in
fact, not quite he#agonal {40, 44). Andrew has suggested
_that the hindered rotation involves a cooperative molecular
motion around the long axis of the chain, much as in the
manner of a set of meshed gears (41). A lH NMR spin
relaxation study of the C,g n-alkane showed that the
relaxation of the methylene protons has contributions from
two mechanisms (42). These are proposed to be a fast
rotational reorientation of the entire alkane as a rigid
rotator and a slow diffuéioﬂ of the alkane. This fast
recrientation has a mean jump time much less than lO_9
seconds. This corresponds to inelastic neutron scattering
results which indicate that the alkane chains exist in an
all-trans configuration and reorientation has a meaﬁ jump
. time of approximately 3.5 x 10712 seconds (43).

For n-alkanes longer éhan 023 there are from one to
three other solid phases between phase I and phase II (38,
39, 44). These phases are characterized by increases in
the concentration of non-planar alkanes, but there is no
hindered rotation. This hindered rotation is-limited to
the last solid phase observed prior to melting (phase II),

however, the phase II exists over a much narrower temperature

-range than is found in the shorter alkanes.

.
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Phase II is also characterized by the presence of
conformational disorder in the form of gauche rotamers
(32, 45, 46). Snyder (46) has shown that for specifically
deuterated C21 n-alkanes the gauche rotamer distribution .
varies with chain position and temperature. Figure 8
shows the gauche concentration, in phase II, as a function
of position at two temperatures. . The gauche concentration
is observed to increase from less than 1% to more than 8%
as the label was moved from position 11 ({(chain centre)
to position 2 {penultimate carbon); The gauche concentration
is also very sensitive to temperature, doukling for all
positiohs when the temperature is raised by oﬁly 6°C with-

in Phase II.

I.4 Deuterium Nuclear Magnetic Resonance in Membranes

Deuterium (ZH) is a low abundance isotope of hydrogen
which has a;nuclear spin quantum number of I = 1. Deuterium
also has a sﬁall nuclear quadrupole moment which makes it
an excellent probe for anisotropic systems, like membranes.
By chemical synthesis, deuterium can be incorporated to
levels in excess of 95%, overcoming the problem of low
natural abundance. The ability to deuterate specifically

2

a lipid, or other molecule in the membrane, makes the "H

NMR experiment tractable.
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The nuclear guadrupole moment is a measure of the
lack of spherical symmetry in the éharge distribution
inside the nucleus. For a C—2H bond, the bonding eiec—
trons pﬁoduce an inhomogeneous field (an electron field
gradient, G) which interacts with the charge distribution
inside the deuterium nucleus. This electrostatic (quadruf
polar) interaction is of relatively low energy for deu-
terium and can be treated as a small perturbation on the
nuclear Zeeman interaction (47). The latter is the inter-
action between the deuterium nuclear magnetic moment and
the static magnetic field. The Hamiltonian fQr fhe
deuterium nucleus in a magnetic field is the sum of the

Zeeman and quadrupolar terms.

Ao K | (1)

Q

Solution of the Hamiltonian (47) yields three energy levels

and two quantum-mechanically allowed transitions.

For a single crystal the 2

H NMR experiment will show
two lines, for the two allowed transitions, with a spacing

of:

where Av is the quadrupole splitting and equ/h is the

static quadrupole coupling constant. The angle © is the
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angle betweeﬁ the C—2H bénd, which is the direction of
the largest component of the electric field gradient
tensor, and the applied magnetic field.

In' liposomes and biological membranes the phospho-
lipids undergo several types of motion. If these motions
are fast relative to the quadrupolé coupling constant
{170 kiHz) there will be an averaging of the electric field
gradient tensor. In particular, phospholipids undergo
rapid (107—10lO sec—l) rotation about their long axis (48)
and this averages the electric field gradieﬁt tensor per-
pendicular to the long axis. The result of the axially
symmetric motion is that the largest component of the
electric field gradient tensor is now parallel -to the axis
of rotation (the director). Also, because‘g;pqsomgs And
real membranes have rates of rotation (tumbkgngf slower
than 3 x 10° sec * (49), all possible orientations of the‘
lipid with respect to the static field ére detected. However,
" the probability of any one orientation will be a ﬁunction
of sin 0', where 0' is the angle between the director and
the applied field. The effect on the 2H NMR spectrum is
demonstrated in Figure 9 where the lipids in the membrane
or liposome are shown at several.orientations_with respect
to the magnetic field HO' Each orientation gives rise to

a doublet and the total spectrum is the sum of all orien-

tations, with the intensity scaled by sin 0', This is simply

-
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because there are more lipids with their directors at 90°
to the field than parallel to the field (8' = 0).

If lipids were rigid moleéules, with no motions other
than fast rotation about the director,'a quadrupole pattern
would he observed with a splitting of approximaﬁely‘60-64
kHz (half the splitting observed for the rigid solid).
However, phospheolipids are not rigid molecules; they can
undergo oscillations gbout the rotation axis and they can
undergo local segmental motions (interconversion between
gauche and trans rotamers). These motions reduce the
observed guadrupole splitting by averaging the electric
field gradient tensor. These anisotropic fluctuations

modulate Equation 2 as,

2

B e
o]

(300528'—1) %-< 3coszu-l > %.< 30052Y—l > (3)
where vy is the angle between the C-2H bond énd the instan-
taneous chain orientation, o is the angle between the
instantanecus segmental chain orientation and the director
of the motiocn, n {normal to the bilaver surface) and the
angular brackets indicate a time or ensemble average. The
angles are shown in Figure 10 and correspond to those of
Peterson (50), and Dufourc (51).

For a guadrupole pattern, a qﬂadrupole splitting is

measured (when 0' = 900)
P
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Figure 10. Angles defining the orientation of
the C—°H bond. See text for details (50,51).
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_ 3
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D‘l%r\)
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< 3c052u—l > % < 3coszY—l > (4)

The two terms in brackets represent the anisotropic fluc-

tuations and are .referred to as the S 5 order parameter.
C~-"H
For a non-rigid molecule these two terms cannot be separated

and Equation 4 can be rewritten as:

2

3l eqg A
v, == S (5)
Q 4 h C—ZH

]
e}

For a rigid molecule like cholesterol. (52, 53) or
cyclopropane (51) the angle v, between the C—2H bond and
the director, is fixed and Equation 4 becomes:

y-1) (6)

v = < 3cosza—l > %—(3COS

| Lo
E;
=y LS
R b=

The term % < 3cosza—l > 1is referred to as the molecular
order parameter, Smol' It is of. interest since it describes
the anisotropic motion of the entire moleéule. For a per- _
fectly ordered system, Smol = 1 while for a system undergoing
isotropic motion smol = 0. ‘

The use of 2H NMR in biological studies has grown
exponentially over the last ten years. Studies of deuterated
lipids, proteins, cholesterol and drugs in both model and
biological membranes have been undertaken. The field has

been extensively covered in several excellent reviews (47,

48, 54-57).
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I.5 Scope of the Studies -

This present work has been devoted to the study of

two problems.’ The first, and major problem, was a study

of the interaction of two common local anesthetics,
tetracaine and procaine, with model and biological mem-

brane: e second problem investigated was the nature
& _ s

of the motions and the phéée behaviour of solid n-alkanes.

The molecular mechanism of anesthesia is- still not,
well understood. There are several theories and models
for the action of ldtalgahesthetics (see-Section T.2),
but by far the most reasonable is Trudell's concept of a
heterogeneous site of anestheticqaction (22) . This model

v
‘suggests that lipid soluble anesthetics, like TTC and PRC,

could interact with the 1lipid matrix. This would, in turn,

“ [

prevent the sodium channel in the nerve membrane from
opening, effectively terminating the propagaﬁion of the
nerve signal. |

-Thé interaction of fetracaine and procaine Qith PE
model membranes was studied by 2H NMR. Specifically

deuterated tetracaines, procaines and DMPE'S were prepared

and used to determine the location of the apesthetics in

the bilayer, the nature of the anesthetic exchange and TTC'

lateral diffusion. Differences between the protonated and

unprotonated forms of the anesthetics were studied. The

s

interaction of labelled TTC and PRC with PC model membranes

\

YA
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was also reexamined. This model system was studied earlier
by other workers, but with some boﬁflicting interpretations
of the anes£hetic exchange (58-61). |

Finally, the techniques and results obtained from the
investigation of model.systems were applied to a study of
two real mémbranes. The interaction of labelled TTC and
PRC with membranes of human erythrocytes and.AchoZeplasma
latdlawii B, was studied by 2H NMR. The influence of TTC
and PRC ON A. Zaidlawii B, grown on specifically deuterated
oleic acids, and on erythrocytes doped with perdeuterated
palmitic acid, was also examined. 1In addition, the nature
of the aggsthétic exchange and the location of the anesthetic
in the membrane were.studied.1 i

The second major problem examined was the phase behaviour
and motions of solid q;alkanes. Longer n-alkanes are known
to. undergo a series of solid-solid phase transitions prior
#o melting (37, 38, 39). These transitions are charécterized
b? changes in crystal ?acking and the onset of various
motions. The temperature dependence of the 2H NMR spectra
of specifically labelled QLQLJCZl'and Cyg n-alkanes enabled
the'types of_motions igmzhe solid phases to be characterized
much more fully than they have been previously. These motions

2

were modelled and the “H NMR spectra were simulated. The

variation of these motions, as a function of chain position,

fad

i~

was determihed through a study of specifically deuterated

C

21 n*alkanes..
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CHAPTER II
‘EXPER;MEngL METHODS
ITI.1 Materials
T,

Crude egg phosphatidylcholine, ﬁhospholipase A2
(Crotaleﬁs adamantéus), procaine hydrochloride, tetracaine
hydrochloride and myristic acid were purchased from Sigma
Chemical Company. Bovine phosphatidylserine was obtained
from lipid products. Tetrabutylammonium hydroxide, dicy-
clohexyicarbodiimide, §—dimethylaminopyridine and deuterium-
depletéd'wa£er were purchased from Aldrich Chemical Company.
Bromobiﬁ:ane—d9 and 2H20 were obtained from Mérck, Sharp and
~ Dohme. The deuterated local anesthetics TTC—dS, TTCTa3'
_PRC—d4 and PRG—d2 ?;Ee Figure 11) were the generous gift
of Dr. Yvan Boﬁlanger. Ton exchange resins were Ambe;iite
cG-50(HT) and IRA-45(OH ). Raney Active Nickel'?agleSt
{#28) was purchased from Grave Davidson Chgmicaf;. é}umina
(Activity 1) was purchased from Woelm and silicic acid from
Bio Rad. All other chemical were reagent grade.

The perdeuterononadecane (Clg—d40) was pu;chased
from Merck, Sharp and Dohme ({(Montreal, Quebec). The 2,2-

Y

dideuterononadecane (C19—2—d2L 10,10-dideuterononadecane

'(Clg“lo‘ézh and 1pl;1,19,19,19—hexadeuterononadecane

(C19—1,19—d6) were the generous gift of Dr. L.C. Leitch.



Purity was greater than 99% for these compounds by GLC.

The specifically deuterated C21 and C35 n-alkanes were

the generous gift of Dr. C.A. Elliger and their synthesisﬁ

has been described elsewhere {62} . The C21—ll—d2 was

approximately 95%, by GLC, while the others (C21—6—d2,
C21—4—d2, C2l—2-d2 and C35—18—d2) showed pur}ﬁy greater

than 99% in all cases. Less than 3.5% of the methylenes

were CHD according to the mass spectra (62).
II.2 Syntheses ”

Egg Phosphatidylcholine

Egg PC was isolated by a method adapted from Singleton
(63). Thirty, extra large, fresh brown eggs were obtained
and the yolks were separated. Acetone {1 L) was éddéd to
the yolks and the mixture was Homogenized for 5 minutes and
filtered through a Buchner funnel (Whatman No. 1 filter
paper). The filtered solid was rehomogenized with acetone
3 more times. The remaining solid was homogenized for 5
minutes with 750 mL of 95% ethanol and filtered. The solid
was again homogenized with 750 mL of ethanol, filtered and

the filtnﬁf_was stored in the freezer under N The filtrate

9"

was distilled under reduced pressure (temperature < BOOC) to

3

remove the ethancl and theh lyophilized to remove residual

oy

water,



fkailipid.was dissolved in 200 mL 'of anhydrous ether
and precipitated with 800 mL of acetoﬁe;\AfPérsitting .
for one hour in the freezer, the supernatant was decanted
and the ‘ether/acetone preéipitétion wéékrepeated three .
ﬁurtﬁer times. The résidual acetone Jgs dried under a
stream of N,.

The lipids were dissolved in 100 mL of CHCl. and

3
applied to a column of 500 g of Alumina (Woelm Activity 1).
"The lipids were eluted with 1250 mL of CHC13 and then 1250 mL
of CHC13/CH3OH {90/10). As tﬁe CHClB/CHBOH mixtﬁrg begins
e}uting, 100 mL fractions were collected under a stream of
niﬁrégen.‘ Fractions were checked by TLC, with a PC standard,
and those containing just egg PC were collected and dried

by reduced preésure distillation. The PC was dissolved in

~ ‘ .
50 mL of CHCl3 and samples were stored under N, at -20°¢.

2
Yields from 30 eggs ranged between 6 and 11 g. The fatty

acid analysis for the egg PC is reported in Table 1.

Partially Purified PhosﬁholipéseAD

The procedure is adagted from Davidson and Long (64).
The inner, liéht green leaves‘of a fresh Saﬁoy cabbage
(300 g) were homogenized for 4 minufes with 400 mL of watex.
The homogenate was filtered through cheesecloth and centri-
fuged at 13000 x g for 20 minutes. The supernatant was

decanted off, heated to 55°C for 5 minutes and then placed

]
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in an ice bath. The supernatant was again centrifuged

at 13000 x g f8}r20 minutes, decanted and placed in an

ice bath. Acetone (2 1, cooled to ~15°C) was added and
~the solution was allowed to éit for 15 minutes at 0°c.

The precipitate was collected by centrifugation at

13000 x g for 20 minutes, dissolved in 60 mL of water

and centrifuged again. The‘saméle was than lyophilized
dry and stored at -20 Co under N2. Several'prepérations
vielded activities of 5 to 20 units/mg of crude phospho-
lipase. (One unit will,hYdrolyse 1 pmole of choline/hour,

at pH 5.6 and 37°¢.)

. Semisynthetic Egg Phosphatidylethanolamine

Ethanolamine (14 g) in 50 mL of{yater and 1.48 g of
CaClz.H2O was titrated with glacial acetic acid to pH 5.6.
Crude phospholipase D (500 mg) was added to the solution.
_Egg PC (4 g) dissolved in 100 mL of diethyl ether was
added to the ethanolamine and the mixture was stirred
vigorously at 37°c. After 15 and 30 minutes, 200 mg por-
‘tions of phosphelipase D in 3 mL of Hzo were added. The
reaction was monitored by TLC and after better than 75% of
the PC was converfed, 200 mL of 0.1 M EDTA {pH 7.6) was
added to stop the reaction (65).'

Ether was removed under reduced pressure and the

lipids were extracted by the method of Bligh and Dyer (66).

The total lipids were applied to a silicic acid column and

@
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eluted with a chloroform/methanol gradient (0, 5, 10, 15,
20, 25% methanol). Diacylphosphatidic acids were eluted
first,.followed by PE and then PC. Fractions were col-
lected under a stream of N, and those containing only PE
were combined, dried by reduced pressure distillation

(< 3OOC) and recrystallized with hexane/cold acetone.

Purity was checked by TLC, with spots visualized with phos-
phate and ninhydrin sprays. The vield of pure semisynthetic
egg PE was 2.3 g (62.9%).}HTHe fatty acid composition of the
semisynthetic PE (hereafter called egg PE) showed good
agreement with the egg PC starting material (Table 1) \\\
indicating negligible.oxidation. The PE was occasicnally
éontaminated with ethanolamine. This was removed by stir-
ring the PE 1n distilled water, centrifuging and lyophi-

lizing the PE.

sn=-Glycero-3-phosphocholine Cadmium Chloride Adduct

Aqueous tetrabutylammonium hydroxide (100 mL, 40 wt %)
was lyophilized and then dissclved in 150 mL of methanol
(67). Crude egg-PC {100 g, from Sigma) was dissolved in
1.0 L of anhydrous ether and filtered through glass wool.
The Eetrabutylammonium hydroxide was added to the egg4PC
and the mixture was allowed to stand for 6 hours. The‘

supernatant was decanted off and %ﬁe remaining brown pre-

cipitate was washed with three 50 ml: portions of ether.

-
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Absolute ethanol (250 mlL) was added to the precipitate

and the mixture was refluxed for 15 minutes. Celite (1 g)
was added, the mixture was filtered, cooled and the super-
natant Qas decanted off., The remaining precipitate was
‘dissolyed in 75 mL of boiling water. Cadmium chloride
(12.8 qg), celite (2 g) a;d activated charcoal (0.5 g) were '
added and-the mixture was refluxed for 10 minutes., The
reaction mixture Qas filtered through a scintered glass
funnel while still hot and then diluted with 750 mL of
ethancl and pléced in a freeéer at -20°¢ ovérnight. The
product was collected.on a scintered glass funnel, washed
with absolute ethanol {100 mL), benzene {100 mL)}) and anhy-
arous ether (100 mL}. The yields varied from 5 to 13 g

and the product was -checked by lH NMR.

.1,2-Dimyristoyl-sn-glycero-3-phosphocholine

The title compound was prepared by a method modified
from Gupta (68). Dicyclohexylcarbodiimide (6.05 g, 30
mmoles) was dissolved in 100 mL of dry CCl4 and added to a
solution of 13.7 g of myriétic acid (60 mmoles) in 400 mL
of dry CC142(69). After six hours the solution was fil-
tered and the solvent was distilled off under reduced

pressure, The remaining scolid was recrystallized from hot

acetone (250 mL) to vield 10.5 g'of myristic anhydride (79%).

A
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The cadmium chloride Jadduct of s;?glycero—B—

phosphocholine (3 g, 4.8 mmoles) was dispersed in very
dry DMF (750 mL) and warmed slightly to aid in dissolving.
Myristic anhydride (4.5 g, 10.2 mmoles) and 4-dimethyla-
minopyridine (1.3 g, 10.6 mmoles) were added to the
suspension which was then sealed under dry nitrogen.
The reaction was stirred vigorously for four hours and
the reaction was moéitored by TLC. The DMF was removed
under reduced pressure and dried overnight on a vacuum
line. )

The DMPC was dissolved in 500 mL of a 5:4:1 mixture
of CHBOH/CHC13/H20'and passed through a mixed bed ion
exchange column. The lower half of the column contained
25 g of Amberlite CG-50(H") resin and the upper half con-
tained 25.g of Amberlite IRA-45(OH ). The column was then
washed with a further 300 mL of the same solvent mixture.
The chloroform and methanol were removed on a rotory eva-
porator (with care to avoid foaming) and the water was
removed by lyophilization. The remaining solid was dis-
solved in a minimum of CHCl3 and applied to a silicic acid.
column (250 g, Bio Rad). Elution‘was carried out with 2

bed volumes of CHC13; 1l bed volume of 25/75 CH3OH/CHGI and

3
then 50/50 CH3OH/CHC13 until all of the DMPC was collected,
Fractions containing DMPC (identified by TLC and visua-

lization with phosphat;:%pray) were collected and dried to

,J
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vield 3.5 g (74%) of DMPC. Elemental analysis: calculatenv

C 62.12, H 10.72, N 2.01, found: C 61.58, H 10.40, N 2.,02.

[1,2—2H4]—Ethanolamine &

+

Ethanolamine (30 g} was stirred in 20 mL of zﬁéo

followed by distillation at reduced pressure to remove

2
2NCH2CH2O H

{70). Raney nickel catalyst in 2H20 was made by washing

50 g of Raney Active Nickel Catalyst in water (#28, Grave

water. This was repeated twice, to yield 2H

Davidson Chemicals) in four 30 mL portions of 2H20. Half

of this Raney nickel suspension and the deuterium exchanged

ethanolamine ‘'were combined with 40 mL of 2H 0 and the sample

2
was refluxed-for two hours, The 2H20 was then distilled off
and 50 mL of fresh 2H?_O and 25 g of fresh Raney nickel sus-

pension were added. -The sample was refluxed a further two
hours, cooled and filtered. The remaining active nickel
catalyst was decomposed with 6 N HCl. Water was removed

by reduced pressure distillation and the ethanolamine was

distilled at 75°C (9 mm) to yield 8.1 g (24%) of [1,2-%H

4l
ethanolamine. Deuterium incorporation was greater than

90% (by lH NMR) for both positions, if two exchanges were

run.
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l,2—Dimyristoyl—sn—glycero—3-phospho—[l',2'—2H4]—ethanolanine

[1,2—2H4]—ethanolamine (6.8 g) was added to 25 mL
of water and titrated to pH 5.6 with glacial acetic acid.
Phosphglipase D (160 mg) and 0.69 g of CaClz,HéO were
added to the ethanolamine solution (65). DMPC {(1.85 g)
was added to 100 mL of anHydrous ether and stirred vigo-
rously. The ethanolamine solution was added to the DMPC
solution and the mixture was stirred under a condensing
column while the temperature was maintained at 37%%.
Additional portions of phospholipase D (100 mg in 2 mL
of water) wére added after 15 and 30 minutes. After two

hours,” 100 mL of 0.1 M EDTA (pH 7.0) was added to stop the

reaction. The remaining ether was removed on a rotory

" evaporator and the DMPE was extracted and purified in the

manner described for the egg PE synthesis. The reaction
vielded 890 mg of the. headgroup labelled 3—[1',2'-2H]—DMPE
{52% yield based on DMPC). The TLC showed only ocne spot
using ninhydrin and ‘phosphate sprays. Elemental anaiysis
($ of H includes both Iy and 2H): calculated: C 61,95,

H 11.037 N 2.19, found: C 61.85, H 10.58, N 2.03.

[2—2H2]—Myrist'ic Acid

Myristic acid (11l.4 g) was neutralized with 0.1 M .

NaOH in 150 mL of water. The solution was heated until it
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turned clear (90°C) and was then lyophilized. The sodium
salt was placed in a high pressure rocking bomb with\l g
of Na0’H and 100 mL of “K,0 (71). The bomb was sealed
"and heated to 200°C for three days. The resulting mixture
was lyophilized, and the exchange was repeated. After the
second exchangé the péoduct was acidified with 300 mL of

. 6 N_Hcl and extracted with chloroform. The extract was

~ dried and recrystallized twice from hot acetone to yield
7.1 g of [2—2H;]—myristic acid. The melting point was
53?5—53.7OC (corrected, literature 53.80C) (72). Mass

spectral analysis showed a 99% incorporation of deuteriun.

[4,14—2H5]—Myristic Acid

[12—2H3]—Lauric acid (2 g) was deuterated -at the o
position by ZHZO exchange in a high pressure bomb (see the
synthesis of [2—2H2]—myristic acid for details). The deu-
terated acid was dissolved in 30 mL of anhydrous ether and
added dropwise to a suspension of 0.5 g ofuLiAlH4 in Zoimﬁ'_
of anhydrous ether (73). The reaction mixture was refluxed
for three hours and tﬁe reduction of the acid to the alcohol
waslmonitored by IR. On completion, water (50 mL) was added
to the mixture with cooling. Sulfuric acid (10 mL, 10%)
was added and the product was extracted with ethér. The

. ether was removed to yield 1.9 g of the alcohol.
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The lauryl alcohel, triethylamine (1.1 mL) and CH2C12
(50 mL) were cooled to -15°cC, Methanesulfonyl chloride

{0.6 mL) in & mL of CH,Cl, was added dropwise with vigorous

2
stirring and the reaction mixture was left overnight at

5°C (74). The product was washed with water, dried over

Na2SO4 andothe CH2C12 was removed on a rotory evaporator.
The mesylate was distilled at 160-170°%C (1 mm) and the
product was‘identified by lH NMR (4.1 -ppm (s,2H), 3.0 ppm
(s,3H), 1.2 ppm (m,lBH)).

Diethyl malonate (1.2 g) in dry xylene (40 mL) was
added to 0.16 g of NaH in 40 mL of dry xylene and the mix-
ture was left overnight, yielding a white precipitate (75,
76). The mesylate, ¥issolved in 5 mL of xylene, was-added
‘dropwise to the sodifs diethyl malonate at 110°¢ and stirred
for four hours. The xylene was removed on a rotory eva- ‘
porator and the residue was heated to 80°C for 2 hours with
40 mL of 5% KOH in 80% ethanol., The ethanol was removed
aﬁd 5 mL of water was added. The solution was made acidic
with 2N HZSO4

solution was washed with water until a neutral pH was

and extracted with 60 mL of ether. The ether

2804 and then the ether was removed.

The product was ﬁlaced in a two-necked flask with

obtained, dridd over Na

N2 flowing through one neck and a water aspirator on the
other. The flask was placed in an o0il bath at 125°C and

heated to 165°C where the temperature was maintained until
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the evolution of 002 ceased (= 2 hours). The product was
‘distilled at 180°C (0.5 mm) to yield 0.83 g. GC of the
methyl ester showed 97% myristic acid and the mass speg-

trum indicated a 99% incorporation of deuterium.

3

o

l1-Myristoyl-sn—-glycero-3-phosphgcholine

The title compound was ﬁrepa;ed by the action of phos-
w .
pholipase A, on DMPC (77, 78). - The DMPC (2.5 g) was dis-

solved in 8 mL of methanol and 200 mL of ether. Phospho-

-~

lipase'A2 (Crotaleus adamanteus) (50 mg), in lO mL of a

buffer of 0.22 M NaCl, 0.02 M caci2 and 1 mM EDTA (pH 7.5)
was added to the DMPC. The mixture-was stirred,vigorously
and the reaction was monitored by TLC. Two further addi-
tions of phospholipasa“A2

- minutes, were sufficient to drive the reaction to completion.

(2 x50 mg), after 30 and 60

The lyso-MPC was purified on a silicic acid colqu§u51ng a
chloroform/methanol gradlent . Fractions containing only

the lyso (one spot on TLC) were collected and dried to yield
1.4 g (81%). Elemental analysis: calculated C 56.51,

H 9.91, N 2.99, found: C 56.23, H 9.68, N 3.07. -~

wr

lf[2'—2H2]—Myristoyl—2—myristoyl—an;glycéro—3-§hosphocholine

Ehh ) - '

‘The cadmium chlorlde adduct 6f sn- glycero-B phospho~-

choline (3 g, 6.9 mmoles) was dlssolved im 10 mL of water,

lyophilized and placed on a, drying gun for 2 days. The
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GPC.CdCl2 was dispersed in 75 mlL of very dry DMF and warmed
slightly. 'The anhydride ofﬁ[2—2H2]—myristic‘acid {4.5 ﬁ?

i
and 1.8 g of 4-dimethylaminopyridine were added and the

mixture was stirred vigorously undei dry N, for 3 hours.

2

The DMF was removed and the product was passed through a
mixe@.bed{ion exchange column (Amberlite CG—SO(H+} and

IRA-45(OH_)). The produdt'was converted to the lyso with

2
and purified by column chromatrography to yield 2.2 g of

phospholipase A. (see procéﬁure for lyseo-MPC preparation)
l—[2'—2H2]—myristoyl—sn—glycgro—prhosphocholine.

The lyso-MPC (2.2 g, 4.5 mméles) was dried and dis-
solved in 75 mL of dry chloroform. Myristic anhydride
(2.2 g, 5 mmoles) and 4-dimethylaminopyridine (0.51 g,
5 mmoles) were added and the reaction was sealed under dry
N, and stirred vigorously. The resulting DMPC was purified

on a silicic acid column to yield 2.8 g-(59%‘based on GPC. .

] cdcl,) . Elemental analysis: calculated: C 63.59, H 10.96,

N 2.06, found: € 63.02, H 11.11, N 2.46.

W . .
%rMyristoyl-2-[2?—2H2]—myristdyl—sn—glycero~3-phosphocholine

3

>

- Lyso MPC (2.2 g, 4.5 mmoles) was diss&lved in 75 mL
of dry chloroform, .The énh&drfﬁe Qf [2—2H2]-myristic acid
(2.2 g, 5.0 mmoles) and-4—dimethylamin6pyridine (0.51 g,

5 mmoles) was added uﬁder dry nitrogen and the reaction was

stirred vigorously. The product was purified on silicic

S »
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acid to yield 2.7 g of 2—[2'—2H2]—DMPC (57%). Elemental

analysis: calculated: C 63.58, H 10.96, N 2.06; found:

C 63.11, H 10.88, N 2.40.

1—Myristoyl12—[4'14?~2H5}-myristoyl—sn—glycercv3rphosphocholine

Lyso-MPC (750 mg) was dispersed in 25 mL of very dry
¢hloroform. The solution was warmed slightly to aid in

dissolving the lyso-MPC. The anhydride of [4,14—2H5]

myristic acid (750 mg) and 4-dimethylaminopyridine (170 mg)

were added, the vessel was sealed under dry N, and the

2
reaction was stirred vigorously. The labelled DMPC was
purified by column chromatogfaphy to yield 800 mg of pro-

duct (71%). TLC showed only one spot.

l—[2‘-2H2]—Myristdy122—myriétoyl—sn-glycero—3—phosphoethanolamine,

™

l—Myristoyl—2—[2'—2H2]—myristoyl—sn—glycero—3-phosphoethanolamine,

l—nyristoyl—Z—[4',14'-2H5]7myristoy-sn*-glycero-3;phosphoethanolamine

The labelled DMPE's were prepared by phospholipase D
mediated headgroup exchange, as described in the egg PE
éynthesis. The PE's were purified on silicic 'acid columns
aﬁd yields were typically over 80%. Products showed only
one spot on TLC and were visualized with ninhydrin and

phosphate sprays. Melting points and elemental analysis

are listed below.
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1-[2'-%H,}-DMPE:  M.p. 194-195% (Lit. m.p. 195-196°C (79))

calculated: C 62.14, H 10.74, N 2.19
found: C 62,07, H 10.53, N 2.32

2—[2'—2H2]fDMPE: M.p. 192-193°C (lit. m.p. 195-196°C (79))

- calculated: C 62.14, H 10.74, N 2.19
found:  C 61.79, H 10.58, N 2.31

2-[4314'-2H5]—DMPE: M.p. 191-192°C (lit. m.p. 195-196°C (79))

calculated: C 61.84, H 11.17, N 2.18
found: C 61.59, H 10.98, N 2.29

Tetracaine-d9

~

Potassium p-aminobenzoate (1.23 g, 7 mmole)'was dig~
solved in 10 mL of water, lfBromobutane—d9 {1 g, 6.85
mmoles) was added and the mixture was refluxed for five
hou;EA(BO). The pH was adjusted to 6.0 with concentrated
HCl, the mi#ture was filtered and the»precipitaée was
washed with methylene chloride. The deuterated N-butyl-p-
aminobenzoic acid and the unreacted p-aminobenzoic ac£3
were esterified by refluxing in absolute ethanol saturated
with HCl. The ethanol was evaporéted, the gsters were
dissolved in water and sodium acetate was added to pre-
cipitate efhyl N-[1,2,3,4-2H9I—butyl—p—amin&benzoate. The
ester was then transesterified (by stirring overnight) with
100 mL of dimethylaminoethanol and 6.1 g of sodium ethoxide.

Ethanol and excess dimethylaminocethanol were removed under

reduced pressure, the residue was dissolved in ether and
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9

TTC-d, was extracted with 0.1 N,HCl. The TLC showed only
one spat with I, staining. lH NMR (2.25 ppm {s, B6H},

3.6 ppm (t, 2H), 4.6 ppm (t, 2H), 7.2 ppm (m, 4H).

II.3 Membrane Preparations

Isolation of Erythrocyte Ghosts s

-

Erythrocyte ghosts were isolated in a procedure modi-
fied from Dodge (81) and Burton (82). Out-of-date bloocd
and malarial-area blood were obtained from the Cénadian Req
Cross. Samples were centrifuged (5900 x g (average) for
8 minutes) and the plasma and buffy coat were aspirated
off, leaving packed fedicells. The centrifuge @ubes were
refilled with bhosphate wash buffer and shaken gently.
The samples were again centrifuged and the buffer and remain-
ing buffy coat were aspirated off. Packed red cells were
placed in a 5mM lysing solution (5 mL lyéing solution to
1 mL packed red cells) and allowed to stand %or 2 hours at
5°C. The solution was centrifuged for 20 minutes (36900 x g
(average)) and the buffer was aspirateé off. The procedure
was repeated using a 2.5 mM iysing solution until the pécked
membranes were white and the solutioh was clear}(4—6 ly-
sings). The packed ghosts were then lyophilizeg/dry. One
unit‘of blood typically yielded 200 to 300 mg of dry ghosts.

The total fatty avid analysis is reported in Table 2.
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The phosphate wash buffer for red cells was made

*7H,0 (23.9 g/L) and NaH,PO,*H,0 (2.88 g/L)

2 4 2°74 72
in distilled water., The pH was adjusted to 7.4 with HCL §

.and the buffer was stored at 5°C. The 5 mM lysing

solution was made from Na,HPO, ° 7H20 {1.34 g/L), the pH

was adjusted to 7.4 and the solution was stored at 5°C.

Extraction of Lipids from Ghosts

~. The total lipids were extracted from the red cell
ghosts (81, 83, 84). Methanol (250 mL) was added to a
suspensiéh 0f* 220 mg of ghosts in 25 mL of water and the
mixture was stirred for 5 minutes with N, bubbling. Chlo-
roform (250 mL) was added and the mixture was stirred for
a further 5 minutes. The mixture was filtered intb a round
boﬁtom'flaék and the extraction was repeated twice more.
The bulk of thé sclvent was removed on a rotorf evapérator

with the temperature kept at less than 30°C. The remaining

mixture was extracted with 250 mL of chloroform. .Methanol

i(SO mL} and 40 mL of 0.1 N KCl in water were added and the

mixture seprated into 2 phases. The chloroform phase was
separated, the volume was reduced to'25 mL and the lipids,

were stored at -15°c. TLC of the total lipids, with known

standards, showed the presence of PC, PE, PS sphingomyelin

and tholestepol (81l).

!
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Incubation of Ghosts with Palmitic Ac1d7é§T\

Perdeuterated palmitic acid (50 mg) was sonicated in

20 mL of buffer until it formed a milky suspension (4).

The buffer was made up with NaCl (6 mM), KCl (6 mM),
Mgso4.7H2o (5 mM), CaCl,TH,0 (2 mM) and Tricine (20 mM)
and a pH of 6.8, The sonicated acid was added to a sus-
pensicn of 400 mg of ghosts in 100 mL of the same buffer.
.The mixture was incubated at 37OC, with shaking, for one
hour. ?he ghosts were recovered by centrifuging at 37000

X g for 30 miﬂutes. The palmitic acid which failed to enter
the meﬁbrane was observed to form'a small pellet at the bot-
‘tom of the centrifuge tube. The ghosts were separated from
the acid, washed with water, centrifuged and lyophilized.‘
The ghosts containing ﬁhe perdeuterated acid, as well as

an unincubated sample, were analyzed for teotal fatty acids
by GC (Table 2). Perdeuterated palmitic acid was observed
to have a slightly shorter retention time and so could be
observed separately from the non-deuterated palmitic acid.
Perdeuterated stgaric acid gave a quantitatively similar
result. The perdeuterated palmitic acid accounted for

10.5% of the total fatty acids and this corresponds to appro-

ximately 3% of the total dry ghost weight (81).
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Acholeplasma laidlawii B Growth

Acholeplasma faidlawii B was grown at 37°C in a
tryptose browth, initially free of fatty acids. This was
supplemented with [5—2H2]—eleic, [18—2H3]—oleic and unla- .
belled oleic acid. The [5-°H,]-oleic acid and the [18-2H,1-
oleic acid were the generous gift of Dr. A.P. Tulloch (85,
86, 87).. The cells were harvested in the late log phase,
osmotically lysed in distilled water, lyophilized and
stored at -15°C. More complete details on growths and
preparations of membranes can be found in reference 88.

The distribution of fatty acids was determined by GC of the

methyl esters and is reported in Table 3.

IT.4 Experimental Techniques 4,/

Partition Coefficients

Partition coefficients (K_.) for egg PE were measured

P
by dispersing the PE and anesthetic in a borate-phosphate-
citrate buffer at the pH of interest. Samples were heated
to 65°C, vortexed, freeze-thawed several times and centri-
fuged. The concentration of anesthetic in the supernatant
was determined specirophotometrically {TTC, Amax = 285 nm;

PRC,'AmaX = 307 nmJ (89) and the partition coefficient was

calculated according to:
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K = [Al] _ concentration of anesth. in lipid
P [Aw] concentration of anesth. in water

{7)

- Since KP showé strong icnic strength and concentration
dependence (90) the values of KP were determined at Ton-
centrations similar to those of the NMR experiments..
Partition coefficients for natural membranes were
determined by dispersing the membrane and anesthetic in EPC
‘buffer and vortexing extensively. Samples were centrifuged
and the anesthetic concentration was determiné& spectro-
photometrically. The BPC buffer was made up with citric
acid (3.8 mM), boric acid (2.9 mM), sodium hydroxide (17.1

mM) and B5% H3PO4 (2.4 mM) and the pH was adjusted to 5.5,

7.0 and 9.5 with concentrated HCL.

Fatty Acid Analysis

The lyophilized membrane (10 mg} or dry lipid (5 mg)r
and 40 pg of heptadecanoic acid were added to 4.5 mL of
methanolic HC1l (14 mL acetyl chloride and 250 mL methanol)
and the mixture was refluxed fér 2 hours. Water (0.5 mL}
was added and the esters were extracted with distilled
%exane {2 mL). The esters were analyzed on a Hewlett-

Packard 5710A gas chromatograph with a 15% diethylglyco-

succinate column at 175°C.
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NMR Sample Preparation

»

For studies of labelled anesthetics in phosphatidyl-
ethanolamine, the egg PE, in a chloroform/methanol solution,
was dried under a stream of nitrogen until the volume was
reduced to 0.5 mL. This sclution, and the deuterated
anesthetic were placed in a 10 mm NMR tube with a 5 mm
capillary at the open end. The remaining solvent was blown
off under a stream of nitrogen and the sample was dried on
a vacuum line for 12 hours. ™ Buffer was added and the NMR
tube was sealed off on the vacuum line. The-sample was
then vortexed extensively and heated above the bilayer-
hexagonal transition_temperature of 65°C (91) to ensure
complete hydration of the PE {(92). ‘In order to attain com-
plete equilibration of the anesthetic, each sample was then
subjected to five freeze-thaw—vortek cycles (61, 93). Samples
prepared in this manner gave very reproduceable results and
did not change, even on standing at 15°C for several months.

The.buffer was a borate-phosphate-citrate buffer,
identical in concentration to the one used for the paf—
tition‘coefficient studies, but made up in deuterium depleted
water to minimize the H2HO signal. The pH's of several of
the NMR samples were checked in order to ensure that a

2

correct pH was maintained. The “H NMR spectrum of the BPC ¢

buffer alone was run under the same conditions as the other

NMR experiments. The resulting spectrum indicated that H2H0

/
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contributed <1% to the intensity of the central narrow
line ogserved in the °H NMR spectra of the deuterated
anesthetics.

For studfés of lébelled DMPE's and labelled anes-
thetics in egg'PC, a similar procedure was used.. However,

the samples were not sealed under vacuum. Labelled hydro-

carbons were run in sealed 10.mm NMR tubes.

Membrane samples of 'NMR experiments were prepared by

adding BPC buffer (in lHZO) to a known weight of lyophilized

membrane and anesthetic, and vortexing extensively. The

buffer toc membrane ratio was always chosen to -be in excess

of 4:1-{w/w).

2H NMR

2

The “H NMR spectra werd obtained in a Bruker CXP-300

spectrometer operating at 46.063 MHz using homebuilt 10 mm
and 7 mm solenoid coil probes (R.A. Byrd, unpublished).
Spectra were acquired using the gquadrupole echc sequence

{94), with full phase cycling of the rf pulses as shown

below, (173)

90

PO
=
oy
]

- T, - 90- - 1., - echo’ (8)

where A and -B represent a phase shift of 90°. " The 90° pulse

lengths were typically 5.5 usec for the 10 mm coil and 3
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usec for the 7 mm coil. The pulse spacing (Tl) was generally

50-60 usec and the recycle time was at least 5 x T The

1°
frequency of the spectrometers was.set at the centre of the
powder pattern (Larmor frequency) end the spectra were
acguired with quadrature detection. The phese reiatibnship
between the transmitrer and the detector was carefully |
edjusted S0 that'all of the.signal was in only one of the
guadrature channels. The channel containing oniy noise

was zeroed, resulting in a 'folding'labout the.Larhor fre-
guency and a 21/2 improvement in signal-to-noise. Spectra
were checked with and without folding in order to ensure
that no distortions in the line shape were introduced.

Since T, was chosen to be larger than#rt several .

27
data points were acquired prior to the exact top of the echo.
Spectra were 'lefft-~shifted' until the first data point'cor4
responds to the top of the echo and then the spectra were‘
Fourier transformed. On the Nicolet 1280 data station, an
interpolation was often performed on the FID ;n order to
provide a more exact determination of the echo maximum,

" For the broad powder petterns observed in the solid
alkanes, the spectral distortions arisihg from finite pulse
lengths afe important (95). To minimize rhe distortion, an
echo sequence with pulses <90° was used (96, 97). Typically,

a 45-60° pulse was used (2.75-4.0 usec with a 10 mm coil)

in these echo experiments. This procedure resulted in a

™~

< "I
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. a aa’
o ) .
loss of intensity, however, more rapid pulsing was also

possiblé. '

o

’ . L2
Spin lattice relaxation times (Tl) were determined

using a modified inversion recovery sequence (98):

a

e

o ' g -
180 - Typ 9QA - Tl - 908 T, ~ echo ) "(9)

where Tup is a variable delay to allow partial relaxation.

Typically 12 to 14 values of 1. were chosen, with at least.

VD

five of the values on each side of the zero crossing. The

data were fitted graphically to the relationship: .
v |
. -1, /T S
M, - M_. = Me VBl = (10)
VD ' .

where M_ and M% are the magnitﬁaes of the z component of
VD
the magnetization after times of 5 x,Tl and Typ’ respectively.

Spectral de*Paking (99) was done on afNicolet/f280 data

8

B ." A . . Pt A ) "
station connected to the'Bruker ASPECT-2000 (R.A. Byrd and

M. Rance, unpublishea). Tﬁfge iteratigns on 750'datafpoints‘

2

gave good convergence. Mdmenfs'of §He H NMR‘spectgé (100)

were calculated on the Nicolet 1280. Moments were calculated

: _ . d- )
from the centre of the spectrum tq a point where no signal
L] . .

is detected. A similar calc@latioﬁ.is thén.dbne from the

centre to the next 10 successive points and the results are

‘ ' b
averaged to give the reported momenfgii™
. =T
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‘

The sample temperature was controlled by passing
heated air‘or cold nitrogen gas into an insulated glass
dewar, which enclegsed the sample.and coil. Samples were

allowed to quilibrate for 15 to 30 minutes at a given

‘u

‘temperature prior to acquisition. '

31P NMR

-

The 31P NMR experiments were performed on a Bruker

CXP-300 spectrometer operating at 121.47 MHz. A high

power probe with a 10 mm solenoid coil, doubly tuned for

31P and lH was used (R.A. Byrd, unpublished). Spectra
/’ .

were acquired using a Hahn echo (101) .
. -

L" . '
=

0 o}
QOA T, - 180B - T

1

5 echo‘ I_ - ' {11}

P .
v

r

which ngocusées the chemical shift interactions. The use
of this- echo sequence, coupled with phase cycling of the
pulses gives undistorted line shapes (102) . The phase

o ’ 4 . .

cycling involved 16 cycles of the echo experiment with

+ - -
varying phases on the 90O and 180° pulses. (X, Y, ¥, X, «
' . L9 ‘—
-X, Y, =Y, X, X, -Y, Y, -X, -X,--¥Y, ~¥, -X, =X, X, -¥, ¥,
X, X, ¥, ¥, =X, zf, -Y, =Y, X, -X, ¥, -Y). This phase

Al
7cycliﬁb eliminated the erreors arising from mis-set pulse,

-~

angles.
0

Unlike 2H spectra, 31P spectra ;are asymmetric and thug//ﬁ}

it is not possible to adjus® the phase such that all of the

.
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signal is in éne channel. Inétgad, the phase is adjusted
such that at the time the echo occurs, there is a signal
maximum in one channel and a zero crossing in the other.
More coﬁplete details of this.opgration;can.be found in
reference 102, ' |

[\u

"Proton decoupling was used for all spectra and was

\l

.achieved with the low—powér decoupler on the Bruker CXP-

300. Gated broadband decoupling was used with the decou-
pling field on from the start of the echo 90° pylse until
the end of the acquisition. A Ty field strength of 1.9

gauss gave ‘complete decoupling.

&

. ‘ Spectra were acquired with a 125 kHz sweep width and
\

a recycle time of 2 seconds. This was generally found to

31

be greater than five times the P spin lattice relaxation

time. - ' u
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! CHAPTER IIT

)

CHARACTERIZATION OF THE BINDING OF TETRACAINE
AND PROCAINE WITH PHOSPHATIDYLETHANOLAMINE

- v

IIT.1 Introduction

L3

If the sodium channel in the nerve membrane is of

the form described by Trudell (22,\gsee Section I.Zf, the

strong correlatioh between anésthetic ency and‘hydro~
carbon solubility, first reported by Meyer (19) and
Overton (20), makes a study of anesthetic - lipid inter- -
actions qui£e important. Such anesthetic - lipid inter-
actions could inhibit the movement of the hydrophobic

arms during depolarizatidn (Figure 6), preventing prd-

pagation of the nerve signal. Since the exact nature of

———
N

the anesthetic - lipid interaction required for such inhi-
bition is unknown, it is necessary ‘to exémine the iﬁt;r—
action of gnesthetics with different lipid classes, Since
amino-ester and amin?—amide anesthetics are known to act
preferentially on. the inside §urface of the membrane,
(iO, 17, 18) and since PE is known to be distributed
preferentially on the in;racellular side of the membrane
(103, 104), a study of the interaction of TTC and PRC
with PE is appropriéte. .

The influence of local anegtﬁétics cn PE model

membranes has been studied only sparingly to date. Local
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anesthetics have been observed to depress the gel-liquid
crystal phase transition temperature of DPPE by several

degrees (25, 105). cCullis has shown, by 31

P NMR, that
local anesthetics alter the polymorphic phase behaviour

of PE and mixtures of PE with other 1lipid classes (106,
107, 108). The anesthetics act to inhibit the transitdion
of PE ffom lamellar to inverted hexagonal, but it is
difficult to imagine any way in which this is a significant
element iﬁ anesthesia., Dibucaine has been observed, Qy

2H NMR, to alter the heédgroup conformation of specifically
deuterated DPPE in a manner analogous to the action of
cations, like ca’t (109). .

The interaction of local anesthetics with other
iipids has been the supject of more extensive studies, by
a numbef of technidues, including ESR (28, 1l0, 111, 112),
high resolution NMR (113), mneutron diffraction (114) and a
rather novel study by polarized light-absorption spectro-
scopy (115). "All these studies suggest that the mnesthetic
intercalates partiélly into the lipid bilayer.

A recent 2H NMR study of the interaction of deuteratea
tetracaine and procaine with PC indicated that TTC exists in
both a strongly bound and a weakly bouﬂd,enyéfonmenf, as
well as free in solution (58, 59). Th’_stréngly bound site

, )
was characterized by quadrupole splittings arising from

deuterium incorporated at several positions on the tetracaine

X
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molecule., Tetracaine was found to be intercalated into

o

the bilayer, with a deeper penetration observed at pﬁ 9.5,
when the anesthetic is primarily uncharged (58, 60).

Later work on the effect of attaining a true equilibrium

on the %H NMR line shape showed that repeated freeze-thaw

cycles eliminated the quadrupole patterns observed for
PRC—d4 and TTC—d6 at most pH values (61). (See Figure 11

for the structures of PRC-A4 PRC-4d TTC-4d TTC~d TTC-d

27 4’ 27 37
and TTC-dg.) It was suégested that when a true equilibrium
was obtained, TTC was in fast exchange between a single
Bound site and free in solution.

In this work, the interaction of TTC and PRC with

2H NMR spectra of . '

Pl}-*: has beéen st_udied by obi@ining the
labelled anesthetics in multilamellar dispersions of PE.

A semisynthetic PE (made from egg Pdlby phospholipase D
mediated headgroup ethange and hgreafter called egg PE)
was used and éxperiments were performed at both pH 5.5 and
9.5 in order to compare the differences in the charged and
unchargea forms of the anesthetic.

r‘.

~

IIT.2 Results and, Discussion

.

Partition Coefficients (K

ﬁ) | .

=

# The partition coefficients for procaine and-tetra-

caine in egg PE are reported in Table 4.

6

*
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TETRACAINE

0
i o ,CAx
C~0—=CH y—CH, =N__

Z.C—CY,, —CX,, —CW,, =N _
3bmhy mRRp TV, ca,

¢ BW.,X,Y,Z

TTC-—d6 A-=D = H
TTC—'d2 B =D v AWXY,Z = H
TTC—d3 . Z =D ;o ABWXY = H
TTC-—dg wXxY<Z =D ; AB = H
- PROCAINE
B
0
[ /CAZ_CHS
HZN C—O-—-CHZ-—CHz—N\
B
PRC~d," B =0 : A =H
PRC—d, A =0 3 = H
& ) | Figure li. Structures of the specifically

deuterated tetracaines and procaines,

3

fEa
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Table 4

PARTITION COEFFICIENTS (KP) FOR TETRACAINE

AND PROCAINE IN SEMISYNTHETIC EGG PE®

pH 5.5 9.5
TTC 46 71
PRC 3.3 ’ 4.1

4

a ‘All samples were 100 mg lipid, 5-10 mg of anesthetic
and 1 ml of BPC buffer. :
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The KP values are considerably larger for TTC
relative to PRC, consistent with studies in other lipids
(58, 59}, and arising as a consequence of the hydrophobic
butyl tail on TTC. The KP values are considerably smaller
than those observed for’egg PC (59}, but are very close
to those found for erythrocyte ghosts (90, 1l6, see
_Chapter VI of this thesis), .Partitioning is also observed
to be greater at higher pH, although the differences in KP
at pH 5.5 and 9.5 are smaller than those observed for PC,
PS and PC/PS mixtures (58). Because the partition coef-
ficients for positively-charged anesthetics decrease at
higher free anesthetic concentrations and at higher ionic

strength (116) we have determined K, on samples as close

P

as possible to the NMR samples. We have confirmed these
values by determining the partition coefficients for several

of the NMR samples.‘

.2H NMR of Tetracaine

The °H NMR spectra observed for the specifically-

deuterated tetracaine species in egg PE are characterized
by the presence of a Pake doublet, with quadfupéle split-
ting AvQ and a Rarrow ceﬁfral ;esonance. -Figure 12 shows
the °H spectré observed at pH 9.5 and Figure 13 at pH-5.5.

The gquadgupole splittings observed at pH 5.5, 7.0 and 9.5

are summarized 'in Table 5.
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TTC—dy

' ) T T 1 - Y T 1 1

25 0 +286 125 0 +125

FREQUENCY, kHz

Figure 12. 2H NMR spectra of the specifically
 deuterated tetracaines in egg PE at pH 85
/7 A) TIC-d; (48 mM) and egg PE (184 mM) in
075 mL of BPC buffer. B) TTC-dg. (25 mM) and
egg P (185 mM) in 075 mlL of buffer. C) TTC—dy
(50 g PE\ (184 mM) -in 0.75 mL of Wuffer.
D) KTTC- ) and -egg PE (370 mM) in

0.4 rni.iof BP by er.

e
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TTC-dg

1 1

25 0 +25 ) -125 0 +125

1 1 | i L

FREQUENCY, kHz

Figure 13. H NMR spectra of the specifically
deuterated tetracaines in egg  PE at pH 55
A) TTC-dg (48 mM) and egg PE (184 mM) in
075 mL of BPC buffer. B) TTG=dy (25 mM) and
egg PE (185 mM){in 075 mL of/ buffer. C) TTC-d,
(50 mM) and.egg PE (184 mM) in 075 mL of buffer.
D) TTC-d, (R4 mM) and egg PE (370 mM) in
04 mL of BPFC buffer.
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Table 5

pH 5.5

1.85
12.5

19.8

QUADRUPOLE SPLITTINGS FOR DEUTERATED
TETRACAINES AND PROCAINES IN SEMISYNTHETIC
EGG PHOSPHATIDYLETHANOLAMINE (IN kHz}a

pH 7.0

1.80
12;8
20.1
14,4

14.0

a All spectra show a narrdw central resonance.
b No quadrupole splitting was observed, only a narrow

resonance.

'

pH_9.5

13.0
19.9
14.6

14.0
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In all cases, the area of the central resonance
correlates well with the TTC solution concentration pre-

dicted from the KP values, This is in contrast to the

studies in egg PC,, where the area of the central rescnance
was significantly greater than predicted from the partition
coefficients. As a further check, the free TTC concen-

tration of the NMR samples was determined by spinging down
these samplés on-a centrifuge, sepérating tﬁe aqueousilayer
and measuring the fTC concentration spectrophotometrically.
The agfeement'between the two results was good. The 2H

NMR spectra of the centrifuged sampie showed the quadrupole

doublet with the narrow line almost completely removed.

The narrow signal that remained represents the anesthetic

e’
(e

in the residual water.
The observed quadrupcle splittings show only a small
pll dependence.  In fact, it is only at thé two end positions
of tetracaine, TTC—d6 and TTC—dB; that the splittings vary
by more than 10%. This is in contrast to the egg PC studies
where these positions show a substantial pH dependence (59h
61). However, data for TTC/egg PE at pH 5.5 and 7,0 are
almost identical, suggesting that the observed pH dependence
cf the guadrupole sélittings is a function of the charge on

Eepracaine. The PK, of the tertiary amino group of tetra-

caine is 7.5 (59) indicating.that the anesthetics are mostly

charged at pH 5.5‘and 7.0 while aiﬂost totally unchargedlaﬁ

PH 9.5.

s
a

e

~

o
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The splittings for the chain region of tetracaine
'wgre obtained by de-Paking the TTC--d9 spectra. Figure 14
shows the spectrum of TTC—d9 and the de-Paked result. The
central doublet is somewhat distorted, due to the in-’
abiiity to subtract out all theé central resonance prior to
. de-Paking. However, the spectrum does show an approximate
- 3:4:2 ratio of peak areas, indicaéiﬁg that two of the
methylene splittings overlap. We have tentatively assigned
gheigglittings on the basis of a decrease in the quadrubole
splitting~with-posi£ion down the butyl chain., The largest
splitting (~20 kHz) is assigned to the methylene deuterons
adﬁagent to the nitrogen and the two, almost overlapping,
splittings are assigned to the next t:o methylenes. The
narrow splitting, which integrates as three deuterons, is
assigned to the methyl group in agreement witﬁ the TTC—d3
spectra. The observed splittings, while-large, are less
than those observed for specifidaily deuterated DMPE's in
the plateau region (117, 118, see also Chapter V of this
thesis). ' This could result from the pf;sence,of the bulky
benzoid moiety which has a larger excluded volume tﬂan a
free chain. The butyl group is:£hus free to Pndergo larger
amplitudé motions than the chains of the PE.'.A tilt‘in

-

the butyl group could also reduce tﬁé-spf?ttings.

&

For TTC—dz, where the aromatic ring is deuterated,

the spectrum at 30°C is broad,” rathpr featureless_ and. it

-5
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1 .
r T T T 1 ! T T 1 1

_125 0 4125 _125 0 +12.5

FREQUENCY, 'kHz

w

Figure 14. °H NMR spectra of TTC—dy in egg
PE at pH 9.5 A) Normal spectrum. B) De—Paked
N version of A. The narrow doublet is distorted by
an inability to remove the central line prior
.to de—Paking.
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«

has a width of approximately 13 kHz. The broad nature of

the spectra is the result of very large component line-

widths, corresponding to a short T2e‘ Attempts to measure

T,e Were complicated by diffusTon and the decay was not a
: -

simple exponential; however, T2e appeared to be in the-

range ofx}00-150 usec.

In order to explore the ring motion more fully a
temperature etudy was performed (Figure 15). At 5°¢ the
signal from the quadrupole pattern has almost disappeared,

and at -30°C (not shown) no wide line spectrum can be seen,

This is a consequence of the short T which is reduced

2 !
further at lower temperatures to the point where the 51gna1
is no longer observed after the eche. At hlgher tempe- 7
ratures the Tse i% increased, resulting in a more clearly

resolved quadrupole pattern. Also, at higher temperatures,

the central resonance is increased relative to the guadru-

pole pattern., This is a result of a lower K_ and an

P
increased water solubility for TTC. At temperatures above

50°C the spectra are complicated by the piegénce of non-
: /
bilayer structures. These structures, as determined by

31P N%R{ give rise to single resonanceées rather than a bi-

layer pattern (107, 108) and this is reflected in an increase

in the %l isotropic component. s
The effect of varying the TTC doncentration in the

bilayer was also studied. Figure 16 shows the 2H NMR
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Figure 15. Terhperature dependence of the 2H
NMR spectrum of TTC-d, in egg PE, at pH- 95.
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Figure 16. Effect of increasing the TTC-dg/egg
PE ratio at pH 95 A) 006/1 B) 013/1 C) 023/1

D) 0.40/1
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spectra of varying ratios of TTC—d6 and egg PE at pH 9.5,

Increasing the anesthetic/lipid ratio, by using smaller
+ n -

~

quantities of egg PE with constant TTC—d6 and buffer

& 4

. . . _ . T
concentrations, results in a decrease in the quadrupole

splitting and an iﬂérease in fhe magnitude of the narrow
line. The increase in the narrow component merely reflects
the greéter relagive quantity of aqueous tetracaine relative
to tetracaine in the lipid phase. Calculation of KP from

r~

the integrated areas of the spectrg:;hpﬁs excellent  dyree-

ment with each other, and with the spectrophdtometry
determined partition coefficient. Since the linewid
the narrow component does not increase with-increasing‘
anesthetic concentrétion, the reduction in the guadrupole
splitting is Jjust a reflection of increasing disorder
the bilayer introduced by the tetracaine. The lack of
change in the linewidth suggests an exchange rate Ghich is
. -

very slow, certainly much less_ than lO3 sec"l, between bound
and free.anesthetic.

% Perhaps the most noticeable difference in the spectra'
at different pH valueslig_;he observed angular dependence,
of the cémponent linewidths, within the quadrupolar patterns.
This indicates that the spin-spin relaxation time (Tze) is
angular-dependent at PH 5.5 and angular-independent at

pPH 9.5, This angular dependence manifests itself with lower

spectral intensity in the central portion of the quadrupole



pattern (55o orientation) aqé%at the shoulders (0° orien-
tatién). The angular dep6naence shows quite clearly in an
echo pulse—gpacing experiment. ., Filgure 17 shows the spectra
of__TTC—d6 at pH 9.5 and 5.5, as a functiqn of increaéipg
pﬁlse spading. ?he natural’ logarithms of the intensities
of the 0° and 90° orientations are plotted in Figure 18 as
a function of pulse spacing. The‘angulér dependence of
the pH 5.5 data is very clear; with iﬁcreasing d{yergence
as the pulse spacing is increased.

It is also interesting to note that the data at both
pPH 5.5 and 9.5 are clearly not a simple exponential. fﬁis

+
indicates that there is a significant modulation of T2e by

diffusion at both pH's. Recently, the effect of slow

diffusion on the pulse spacing experiment has been modelled
by Rance (119). This work showed that slow diffusion alone
gave an angular dependence gualitatively vefy similar to
that seen for TTC a£ PH 5.5. Unfortunatelyrhe did not treat
the case of faster diffusion, which could be expected to
be angular indepenéent. |

Further evidence for the difference in lateral dif-
fusion rates comes from studies of TTC in specifically
deuter%ted PE's (reported in detail in Chapter V). At low
pPH, with TTC:PE ratios less than 0.1/1, two PE signals were
observed; one for free PE and one for PE in contact -with

TTC. As the TTC concentration is increased the free signal
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Figure 18. Plot of the In of the spectral intensity
as a function of the total pulse spacing for TTC-d,
at pH ©5. Intensities are taken at the 0° (M)
and 90° (A) orientations. :
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disappears and only the signal for RE in contact with TTC
remains. This is consistent with TTC diffusing slowly
enough that all of the PE does not come in contact with

2

TPC in a time which is less than the “H NMR time scale.

At pH 9.5 only one'PE signal is seen at all TTC concentra-

tions, indicating a faster diffusion.

s

Finally, it is worth noting that while these dif—}*
fusion arguments are reasonable,'it is possiblé thaﬁ_a
change in the surface morphology may be occurring. Changes
in the curvature of the liposomes at different pH's, or the
introduction of a wavy surface or small areas of local cur-
vature may radically effect the observed angular'debendence.

The TTC—d6, ~d3 and —d2 spect;a at pH 9.5 were
simulated by assuming a two-site exchange model (Figure 19).
The exchaqge, between bound and free TTC is assumed to be
slow on the 2H time scale (< 1 x 103 sec_l). This results
in spectra which are merely a superposition of the individual
free and bound TTC signals, with the populations determined
from KP'

The simulations are of the echo FID, with Lorentzian
lineshapes, and take into account pulse spacing distortions.
For TTCudg-and TTC—d3 the simulations show good.agreement
with the experimental spectra. ngever, for TTC—d2 there

is a small percentage of narrow line which is not accounted

for. 1Its total areais =2%, but it requires a much larger
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Figure 19. Simulations of A) TTC-dg bound

Avg = 155 kHz linewidth = 45 Hz free linewidth =
50 Hz. B} TTC~dy bound Avg = 185 kHz ,
linewidth = 125 Hz free linewidth = 75 Hz . C)
TTC-dy. bound Avg = 130 kHz linewidth = 23500 Hz
free linewidth = 150 Hz All spectra were simulated
with 1024 data points, 150 angles, a total echo delay
of 125 usec and the same spectral width used in
the experimental spectra. The experimental spectra are
shown in D) TTC-d,, E)} TTC-d, and
F) TTC—d, ‘
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linewidth than is found for TTC—d2 in solution. This may

simply be an artifact of trying to acquire a narrow line

with too few data points and a large spectral width.
A

It may be that there is a weak, isotropic association

of the free TTC with the PE bilayer surfacé; however, this
- a

should certainly manifest itself in the TTC-—d3 spectrum.

Finally it is also possible that it represents a non-

bilayer PE structure which binds TTC. There is a small

31

isotropic signal in the P NMR offthat sample; however,

the presence of a phosphate buffer makes an exact determi-

naticon uncertain.

Determination of Order Parameters

s

The gquadrupole splitting observed for a deuteron
attached to a rigid structure is given by Equation 6. The +
portion of the tetracaine molecu;f, from the ester carbonfl
to the p-amino group is a rigid ;tructure and can be treated
with this equation. The deuterons on the aromatic ring give
rise to only one guadrupole splitting (Figuré 15), confirming
that the dire