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ABSTRACT %

¥ Phosphetidylcholines (PC's) and phospha:idyle:hanolamines (PE'S) -
h.!ve been shown, n géneral, to comprise “the major lipir[s of most bio-
loglcal’membranes. Therefore. a sygtenatit study using differential |
—

scamllng calors,me:ry of BPPC, DPPE and :hen— N-n\ethylﬂted intermediates

as well as their diether snalogues vas lmdez'taken in n:der to char-
acterize cthd phase behaviour, of such model systens. withea vied o

understanding the nore conplex behaviour ‘observed in réal sedjiranea

Tt was observed tha\: the’ Lipid phise :ransitlon temperature, (Tc) de-¥
creased as methylntion of the PE head group increased. The,tranait\ion :
enthalpies for these systems of, single lipids showed no sy;:‘emauc 'VZ;_‘
Lacton with neehyldhion, - e '

. If has been noted that saturated lecithins (as well as DPPG) dis-
play a pretransition odcuring several degress'before the myin hydro- . ..

. #carbon chain cransm:\ﬁ on DSC_ thermograms. The introduction of

"foreign" molecules (even [n?s\ef very stnilar suuc:uie) in lecithin

. balayers disrupts the long range order in “the gel phase and Either modi-
fies or sbullshesir.he pretransitiunal endothem, depending upon the
,cancencta:iun of the>perturbing, molecule. Certain water suluhle addi- |’

tives l\ave no effect on the pre:ransi:ion up \:n 20, mole %. 'Howwer,

cooling’ thermograns of su&h systems é‘isplay a, minor exotherm nccuring

212° K below the main exachem which 1s absent 1|| pure lecithin

syseems. o T » w

(

The tricyclil: antidepressant, desipramtne, has been shmm !0 affect

lipid phase hehaviour. When included at equimolnr conﬂentrabions with: .




were, affected greater than PC'.s in both & dLescer and’ lther<5et1 £
',ugxd‘s. Binary mixtires of lipids were also analyzed o lorimetrically ‘
- and when desiprainine was included in these nixes so as to e, equivalenr.
on a molar basis with one’of the lipids 1: was found to ‘exhibit a pre- '.
ference for the 1ower melcing cumpunenc. c - .
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.0, InTroDUCTION

= Sl '1\:‘-15 now génerally accepted that the g/aaic Reryckure of most

biolégical dembranes consists of a bilayer of phospholipids with'protetn | :

molecules either lonically bound at :he bilayer surface with li[tle

or rm penetration of the bil?yet or lnterdigi[a:ed partially or com-*
Y pletely’ through the hyﬁmphubi§ portioh of the memhraneég 2). " s

T Em:e a Io!ough undersgan of Qts at the mo?ecular
P B i .

. ¥
e P edel w help elucidate the many complex })rocesses ‘that occur'in

biolog{cnl sys:ems._ Furthermore, it has been.shown fhat the phospho-

lipid "of sevéral play an important role in the

. eft’icxenc fﬁunctioning of certain nperar_inns in the membrané and in, fact '

. the actupl pnysigal s;a(e ‘of the 1ipids may serve. as modulators of N v

B
such aunivities ,(3, 4, 5. -Depending on' the respec(ive concéntrations

of lipid snd vater; various Lipid phases. may he‘encounte‘reg (25). 1t

g T, “has been repo!ted ‘that the_ cri:lcal micelfe concentration for several . \

; ’phaspholipids is excremely low aK—that at. higher 1ipid concentraciuns

©% 7 a variety of ordered phases have been‘observed (73). For aquedus +,

: ° dispetsions ‘of phospholipids over a’ binlagicau; relevant temperature s
T . - range the predoninant ‘structural form roted i a bilajer configuration o
A7 B oF lipids atranged in an ordered Lanellar phase (25, 73,76, 77) which

. ¥ i [pore or less rigld.(i.c., gel and 1'c. phises) depending on ex~

remal influences. 'Pure 1ipids-snd mixtures Of lipids car bé dis—

PO pex&ed 4n a0 aqueous environment co ‘el up a.bidayer conflguration and
. thus provide useful ang stmple model systéng for the study. of the
s e itrkdein structure and function’ of bialugicalmembranes. \In the bi-
¢ 5 N ’f &
e Fnn e ; .




Laver cnnfigura:ian the 1ipids forn 'a lanellar phase’ in which some of -

" gl excess watgr 1s sandwiche\d between adjacent. bilayers guh the’
rest of the bulk water completely free of the ipig tayers ®. De-

‘ o By
endin upon the 1i 1d, a variable amount of water may be ounc to . &5 (8% o v
P g upO Lip: e y be’ "bound™ d

Tipid FLER HERL BIRR BOItNAE 1t becones unfreezable (& 2. s

Individually r.he lipids.are oriem:ed with’ (he pelar hezrl BTOUPS,

* facing the aqueous phase and their non-polarTMdrocarbon chains 3

pointing towards the center of the membrane., When-a pure phospholipid

is heated from room temperature up to- its cdpillary melting point &




number of thelmot!upic phase changes oceur’ (d.e., phage changes’

daused by “the effect of heat). This vas ﬁrst shoim by infraréd

’ spectroscopy ang later by’ thermal analysis and other physical

l:echniques (7, e 9, m) similarly, in the presence of water, the "

phospholipids do mot_pags “directly from a particular :rystalline state

to'.a solptxon but-instead they exist in various hydrated phases 9).
o 3 7 2 2

~Generally speaking each phase obtained is a function both of water con-

tent and of xempei—’ature. The two lipid phasés of concern to this

: study ate the gel and .nquid crystalline and the temperature at S which

a given 1ipid undergoes ‘a gel to liquid clystalline (gel tol.c.) phdse

change is denoted as the- ‘transition temperature. At che present time

r.here.ate no unive:sally accepl’.ed designacions for the_ gel N Loe.”

phasés Df hydrated lipids e.g., both .a--and. - (B '-) have been used

““fo designate the gél fnrm of hydrated DPFC in x-ray-diffraction

studies (11). Therefore, for the purpose of this s,cudy, no_specific

designazion will be made for the gel phase or the l.c. phsse

Several changes occur as a lipid-water sysr_em is converted from

a gel to a l.c. *phase ‘and they may be summarized'as follows: %

@

@

3)

@

Expansion of molecu—la: lattice and decrease- in the thickness

of the Lipid bilayer.
Im:;eased rotatlonal 1somerum of —cHz- groups about C-C
bonds. |

Ingreased, mobility 9{N(Cl-13)3 gk (Rore)s

Increased rate of d1ffusion of lipids above gel to l.c.

transition temperature.
-




(5) Some change in bound water 1ntarac:10ns ‘at Lxla tranSitinn

O temperatura‘ ' N ;

'(6): Permeability of va.rio'qs molecules is.generally gheater. wm{
lipids in the 1.c. sta;:e..

Itshas become apparent that many membrane phenomena such as

transport processes and' the activity-of certain membrane-bound enzyulle ©

were associated with the actual physical state of the lipids in the

membrane (3, 4; 5). For example, an enzyme may be active enly when

the ass;ciaz‘gd'iipids are in the l.c. S oF pantispe. thedseiaEten

may be modulazed by a :hangg in lipid phase. It has been shown (3)

‘[hat a purified ATPase frcm lanb kidney outer medulla undergées a.

“large change in activation energy at 20° C as ohsetved on an Arrhenius

lot. It was also. shown using a spin | 1abel probe, methyl s-@ »

dxmeghyloxszondiny1—u—oxy,1 E that the m lipids
of ‘the’ ATPase undergo a phase cha:;ge- at the.same tenperature (3).
Other ,invest]gatnrs have shown that Che transport.- Df drugs in* . x
s:sghpocuccus aureus, e.g., :hlor:etracycllne, de related to membzans
‘ phase transitions (5).- The bacteria S. m can’ be cultuted in ‘the
presence of differen( fatty acids. Bactetia inco!pnrating lsrger
amnunc.s of unsatu’ratﬁAd ar;d branched chai'n fatty acids had lower mem-
bt ednELEL temperatures than control cells. These transitions

T

- fluorescence techniques indicating that the mobilfty of chlortetracycline

"concurred with the temperatures ebtainéd using Arrhenius plots and

‘through the membrane was “tehperature, i.e., 1ipid ' phase, dependent.: -

DETECTION or LIPID PHASE ‘CHANGES

Some. of the physical methods used to detect lipid phase changes




fnclude: o « 4
(1) Dilatometry 3 ~ b N N » ’”
When 1ipids. undergo a gel to l.c. phase transition, thefe is an

expansion of the mdlecular lattice accompanied by a decrease in pho - .

* pholipid hilayer thickness. The ‘ovefall result of these changes if a

woliime séxpansion of the BLldyes (12, 13- This volume change ac :he'ﬁ\
phase transition can be measured using dilatometry. ' ’

(2) ‘Flugrescent probes A

. Certain probe molecules, e.g., B—anilinonaphtha\leg{e~1—sui_fon§:e

(ANS) or its derivative N'—phenyx—l—naphnhyxamine (NAP) ) -chr TEaEaeE
with phospholipids at either the head group or hydrocarbon regtons.
These: fluorescent dyes can mopitor 1ipid phase chanfles gince they
shois an dncrease in quantum yield and/er fluorescence intensity over
the cmnsiuon. range (13, 1. R =i

(3) Light scattering . -

The’ relative 90° light scattering intens1ty 6f many phcspholl.pid
Idispersim\s_nhanges very little with temperature until the phase .
transil:jilnf\ béuperaureis veached.. At that peiny-thire {s s xélerively:

sharp drop in scatteiing intensity along with a change in. the we-

fractive.index of the system resulting in an increase in optical den-

sity. By monitoring 0.D. changes with temperature the gel to L.c.

1ipid‘phase change may be ohsetved. Phase changes in dispersions of
DPPC (14) as well as oleic (cis 18:1), ela‘idic (Ft;ns 18:1) and p‘al—
u}xcoleic. (16:1){phospholipids (13) from fatty acid auxotrophs have been
analyzed by light ‘scattering. ) '
O3 sEm dabel techaiques !
» The electron S'pin resonance label TEMPO (2 2,6, 6 tettams[hyl-




. u X Do e Tl
Ll % .

peperidine 1-opyl) exhibits different membrane solubiliries de-

pending upon’ the phase of the lipids im the membrame (15). Lipids at

" temperatures below their gel to L.c. transition.temperature dre in'a
more rigid state than upm; “which are }:n the liquid crystal or more ¥ m
fluid state. . The solubllicy of TEMRO in S greatly increased '
ihen the 1ipids are in this more £luid phase (16). This being the
case, spin_label :echnlizues can be used to detect phase chall‘ges in ‘ i
‘artificial bilayers and biological membranes by monitoring spin -label

solubility “(as observed on the first.derivatiVe esr spectrum) as a

) funcr.inn of temperature. Probes that are 'a::ached to fatty acids have
also been used but not as succeusfully as the TEMPO-iike probés. It P

has been shoyn that the’ stearic acid spin label proha tends to migrace

to the more fluld 11pid phase and may not provide an accurate picture
o nembrane fluidlty or, rlgldi[y (17, 18). %

E { 15 worth noting that est techniques as well as fluorescence
measureménts have & special usefulness because of the small amounts of

material negdga. Sgcl\ an advantage has nde these techniques. popuur

for biolngical ‘membranes Hhem lmffil:i!nt material for study. is some-

times difficult to obtain. - ’ -

(5) Nuclear i (amr)

Early wide-line studies suggested that nar was a promising
technique with which.to stiidy molecular mobility in lipid systems (19)s
" hen lipids undergo a gel'to l.c. phase change the head group and
chaln"mubiu:y is greatly increased ylelding nmr spectra characteristic
" of 'this increased fotion (20)." Addifional information on Lipid phase
changes_may also be obtatried using high resolution nmr (21).. High
resolutich proton hmr may be of, limited sisefulness, for the study of



5 Yalae 7
membranes H (21 c and e anr may yet provide sub-

stantial informatiop/l
13,

The ability for specifil: enrichment of 11pids

with *3¢ would make it a very powerful tool. i

6) X—ra diffraction ' °
“X-ray diffraction studies have been performed on a variety of
Lipid-water systens yielding information on their gene:al peoplecien 4

as well as'a classification of 1ipid structures (25). Recent x-ray:

" studies on DPP (26) have shown the existence of three distinct

lamellat phases.’ These phases are temperature dependent and as such
reflect the state of the, lipid, ile., gel or l.c. Crystallographic
analysis of these lamellar phases led to the measurement of the B i

specific x-ray spacings for each phase. It was therefore possible

to characterize each of the phases and measure a :empera:ure for the
gel to'l.c. tranaition. X-ray diffraction studies of na:ural mem~

branes have also been yerfomed on hnth multi-membranes (27) and

single membjanes (28, 29). : e Lo :

(7) Calorimetry

There are two main calorimetric methods available to monitor the

gel to 1.c.’phase transition of lipids (23), differential thermal

analysis (DTA) and differential cal (DSC). In DTA

the sample anidan TneEE reference material are Jeated or cooled at .- ‘
the same.rate and the dtfference inceiiperatare hatusin then 15 e~

corded. The differential tempetatute remains zero or constant until &
a phase change o§curs in the sample wlien the dif;‘etentisl temperature ‘

ingreases until the. transition is completed and then decreases again.

This differential temperature is amplified and outputed on a strip

9 .



chart. recorder. Thus ‘a peak corresponding to the lipid ‘phase change

1s obseryed. o HE, C , . : -t
The major technique used to detect 1ipid phase cransitinns in o
this study was differential scanning calorimetry (DSC) and'a more
thorough description of this method follows. ‘ ’
In DSC the sample naterial and the reference are heated .in-_
dependently so.that their temperatures ave ntpail siinas ‘equal or in a
' 7 constant relation to one another. When.a gel to l.c. transition or
. - H
‘phase change occurs heat is absorbed or evolved by the sample and T
) therefore more or less' enetgy is required to maintain the sarple '
e T — Dt hdee’
-change it'is this ditgergnciai pover that is measured.

The analyzing undt of the DSC copsfats of two holdérs, one for -

- sample and one for reference, encased in a large aluminum block acting

- a5 the heat sink which can be maintained at a convenient I:Emperat\lre.

Since the calorimeter is not very responsive at temparstures near the

. block it ds ary’ to tain. the block at ‘temperatures

dt least 25" loder than the anticipated transition temperature. I

many cases, for samples of biological interest, it is convenient to i

maintain the block' tempe:ature at'the boiling point of liquid - e

.nitrogen, L., 77° K. Coolifg is achieved by letting the sample cool ) i
freely. Programmed cooling rates may be carried out by iimiciné the .

rate ‘at which heat is lost from the sample holder to the surroundings

by applying pover to the analyzing head. The analyzing unit acn;osphere

is dynamic with inert purge gases nitrogen and heliun flowing through

- . the sample chamber continuously. +Volatilesrsamples are sealed inside




aluninun pans. E ’ e
I "\ .
Phi pid samples are dispersed m’\&wm t and then ‘placed in
alumigum sample pa ich ‘are then sealed. Water is an essential

-component, of the artificial system and .to avgid loss through

" evaporation the pans must be sealed. “Ewe“capagity of the sample pans  ° C
1520 pl but nomally approximately 10 mg-of phospholipid dispersion” =
is analyzed per-pan. Too large a sample size ‘results in broken pans

either by freezing damage or high vapor pressuré breaking the seal. . N

. The technique of DSC was chosen for studying phase transitions |

sim:e it avoids the use of probe molecules which.may perturb the - - .

system., Certain est. probes, e.g., probes attached to fatty acids,
vere prone to giving a false picmre of membrane fluidity. Ap-

parently pobes o this type vere likely to solubilize in the more

- fluid !qembra'ne regions even ie such” Zegions constituted only a small

percentage of the overall membrane (17, 19) Ic has been found sim‘.e
that other probes, &.g., TEHPO (15 and the fluorescent probe parinaric . i

acid (22), yield more ‘{elis\)le‘res\lh:s. The disadvantage of DSC lies

in its lov sensitivity compared with other physical techniques. PN

Samples for calorimerric nnalysls are. uspally in.the mM range while

the ‘:nm:entratinn of esr prqbes, for example, is in nanomoles ., .

XNFORMATIG“ AVAILABLE FROM DSC ON\LIPID PHASE CHANGES
. Fig:.1'shows' the usual thermofropic phase transitions observed

with’ aqueous dispersions of tany lipids as obtatned by differential

acanhing: calorimetry. Both ttansitipns are endothermic indicating

that heat is absorbed by the sagple. 'The lower endothem is the




L)

ice towater phase change vhile the upper melt is the gel'to l.c.

transition of the lipid. The water endotherm in phospholipid dis-

1s not d ca {cally until the concentration of
it fatean approximately 20 mole % (33)+ Water present at lower
concantratiohs 1a bound by the Lipid sbout its polar head group
region and ;l;'ws % Clissteil Eresitis oF weltsag betivicis. ~ Tiptds,
therefore, n‘e generally dispersed in- excess wat‘;r Gaptdivaer, 151
or 1:2 w/w) nnd analyzed on the DSC starting ac below zero temperatures.
Large excesses of water @.z., 100 1) althnugh more like a true mem-

Phaoe systen can't be bty analyzed cn e B Lovinatar e

cause of baseune drifting and sensitivity problens. The observation
of the ice to water phase change ensures that aufﬂ.clsnt excess water

is present such that the lipids are forming Yamellar phase bilayers'

with biological ment (23):
The trassd clon tanparaturs uay be detined dn Gio wards For
. highly cooperative transitions and for sharp phase changes involying '
standards, the transition temperature is obtained b7 dresing & Eaigeat
*to the slope of the phase change where it departs ‘from the baseline.
The intersection of this tangent with the baseline is de:ﬂngd'as the
transition temperature or Te.(24). Aicehu:ive].‘y this temperature
_ may'be defined as the peak -of the transition, the point where ;he
sample'is most rapidly absorbing heat. -This :empern:uxé is defined _‘
as Tn. Both terperatures are widely used but for e atiidy Eien
Te definition of transition temperature has been adopted. Tm gives: '
the point of most rapid change. ' The o AL O E 11pid curve is
duecuy proportisial to the enthalpy Of transition and the melting

* See.Appendix I ) T




- \\‘7 Mariy conpoynds are known to interact with lipids 'and modify their

u’p'id bilayers®in water would provider a basis fog uriderstanding the

srange of the phase change is anindex of the cooperativity of the
transition. : \ E T B
St e 1 g i

ARTIFICIAL LIPID BILAYERS AS KbDELS FOR BIOLOGICAL MEMBRANES

Recent work has indicated that much of the 1ipid in biological
membranes exists in the form of a bilayer. Therefore'a systematic

*analysis of the phase behaviour of artificial membranes of pure

move complex’ nature of real membranes.

Phase transitions 1n biological membrsnes may play a ‘vital rﬂle F » "k

. in many ménbrane processes siffe such processes have been shown to ;

be related to the patticulat state of .the surruunding lipid. Fné

example, the\:ranspor: of sugars or drugs across membr.mes or the
w

“activities of many membrane fnzymes are enhanced when'the assoclated . E

1ipids are in the more ‘fluid l.c. phase (3, 4, 5). Arrhenius plots

*'for some dated, enzynds show dis ties at tem-»
peratures_closely aligned with the gel to l.c. phase tramsition of the

Iipids assoctated with the enzyme (3, 4, 5). Compounds, therefore,
% thac can interact with liptds and change their physical state may serve. F
as modulators of such mambrang procegses. i . .

hase behaviour, 1.e., Te and/or enthalpy values. Among these are
seyeral proteins (30) and sterolds (23, 31) metal iofis (32), foreign
molecules ‘1n general (33) and drug molecules (34). Iacluded amo_n_g/

the latter is the tricyclic antide ‘drug,” o
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SUSCEPTIBILITY OF THE LECITHIN PRETRANSITION TO FOREIGN MDLECULES
The phase behaviour of disaturated phespha:idylchohnes in
water is unusual in :hat two ttansitions are observed celorime:ricnny - “
a major transitian associated wu:h a fluidization of the hydrncnrbon
ain 5

. chatns and a minot or pretransition which'cccurs some 2 - 79 K below

" the main. chain melt" depending on f.’.u:cy ‘acid chain lengths. The e o

major transition 15 associated with an inereased molecular motion

of the hydmcaxym'chamsu going o the rigid gel state to the
B ; . :

less:rigid (but still partially ordered) l.c. phase.

The origin of the pretransition is not fully understood and

several possible explanations are\gvailable. .Studies using mar : %

\
(19) have shown that Jjust prior to tkg N “main chnin melt in DPPC the

mobility of ‘the head. group is increzae 1mp1y1ng that this increaged

. motion could be the soulcg uf the pretransition.  There s also the . -
. possibility of a reorganization of the water at ‘the lipid/q&tEr in- . g
' terface such that' a head group on is effected. . 1

Alternatively the source of thé pretransition vlay be the chains and,
not the head group regfon. In this.regard we may consider a re-.
organizaticn of zhe hydrocarbon chatns either through cnnge:ar.ive

R rotation along the axes o through a tilting of the hydrocarbon

chains with réspect to the plane of. the bilayer. Recent x-ray énd T

monolayer studies (26) strongly support the tilting of the hydro=
D 2 . » oA B

carbon chain in the gel phase as being the Source of the pretransition..’

Whatever the origin of the pretramsition it is quite sensitive ¥




. of small perturbations on long Tange order in lipid bilayers. .It has.:’ -

been observed'previously that 10 mole?% DMPE in'DMPC bilayets/ abolishes. ~ -

o, Tpuiteiin send Ahus proviids wetspie way to fhvestigate the effect

, the p. tion but that the tion is'evident in bilayers -

of all propwrcio\,g of DMEC.and DPPC (39). With respect to immgual
systens it has been found that mammanan lung sulfac:am: is relakively

rich in DPEC (69). Sirice the pretlansitlnn of nppc occurs at biow. . . ..

].ogically relevan[ Lemperatules (345 - 3750) it is of 1m:ares: ‘to N

scudy the effects of certain maleculea on the pretransitinn.A

PHASE SEPARATION N LIPID—MATER SYSJ‘EMS

Since blological membranes contain a wide variet‘y of 1ipids : : o

:he questim\ arlsgs as fo whether or not these lipids are homegeneously

aistributéd thmu;rmuc or' reside in hetarogenenus packets within, a o

menbrane. . In other Viords fs'there a randon distribution of the lipids

inia membrane bilayer or do the l'ipids Ssivagats foroliss clusters/of

. one type or. :muther depending on- r:omposition .or fluidity. ke SO
“The first s(:udies on phase SEPBratien of lipid water systems vers .

done on binary mix'.ures of leclthins using calorinetry (23). Mix-

P o
tures of DSPC-DPPC‘and DSPC-DMPC were analyzed and the phase diagram

" of the RGPC-DFEC.mix showed that below the'Tc line'a serles of solid

. _solutions were formed. It was coficluded that compound formatiofi did

" ¥ A

not occur and with this pair of molecules having only a small ‘dif- o
3 ) f o #

ference in chain lengch.cn—crystaluzanon occured. With the DSPC- ¢

DMPC mixture the diffetence in chain length was too great for -

cu—crystallizacicn to occur and as the system was nooled migracicn nf




molecules ocgured within the bilayer @ give crys::.llline

i l‘egions T di cu the two ¢ s Since r.haL time many
; s
. exafiples of - 11pid heterogeneity both i renl and attific.tal systems
+ i P

thave been exantned. ' : 5 g a3

The spin label prnbe TEMPO, for example, has been tsed to dn-

vesﬂga:e phase separation tin binary mix ures@i various upms dnd:

“in fact the -phase diagrams fur these system_s -:ould by ohtained (35,
' l -,3:6) . These phase diagrans ‘shoved that for' binary mi«tuth of PC s
. that have’ acyl chain lengths differing by sore” thin two carbons ‘or

for DPPC/DPEE, DPPC-BHPE | mixea =n appazent discon:inucy in slnpe X

is obsefved 1ndicating a umced gel phase misnﬂ: ny. Nore recently o
¢ (36), {t has been reporced tl\at phaée separa:inn of 1ip1ds can occur

when Che lipids are in the f1].|id l.c. phase This immiscibilir.y cculd ot
. gi.ve a latewal Bhase separar_ian 1m:o fluid dm}ains 1n the plane of’ Ll

‘ i ’

the memb:ane andfor a ;ransverse phase 1

into an cal
bilayer membrane, and/or. possibly d:scon:muousmlayer misbegnas, of
differenr composicion: Othér wotkers‘ have shown that upm phase separation
¢ : can ocear’ in phasphatiglic acid le:ithin thembranes 'due ‘to. the effects of -

call:ium tons (37). ® :

1t wag originally thought l:ha;‘ mem\w!ane 1ip1ds extstés 1n only the

fluid state. Recently, however; it has becone apparent that certain me:

- brﬂnes, e. g., Acholeplasma laidlawii B , can exisc with lipids in both

©* the 1.

. and gel s:ate (68)." This would 1mply, a certdin degree of

segregation among the memhrane 1ipids resumﬂg 11 a forw of phage”

a
separation. It'is. conceivable r.ha: r.he lipids sepn:at ‘on :he basis

TN G e A




of class .or. fluidity resulting in not only lateral but also trans- . .

bilayer ‘assymmetry. It has been shown (38) that cosonication of

equimolar quantities of PG.and PC results in bilayered vesicles,

the quter surface of which containg ‘on the average twicé as many
PG as PC molecules. .The activity ot sastit proteins i ot Eanen, it ,
Heen .’shm«mvt’o be ‘dependent on the nature'of the s?yruu;.hi,ng lipid (3, 4)
“and’ therefore compounds af.fecc‘in‘g the phase of these ﬁpids' “could' be
_:of'l;ie.logicﬂ importance. Transmembrane assymmetry of lipids has also
been teported in erythrﬂcy(’.es (40, 62). ) s

It is. noted that most physical techniques hmay not be able to
distinguish unequivocally between separate gelianail, e phases 1hiehe,
sane bilayer and sepafate bilayers of gel and L,c.,,even though most
auchors have 1nterpreted these results to indicate the first al—
térnative. Our resilts “indicating Phase sepatation are subject to

this “same caupionary nnte. 3 % B o

‘PURPOSE OF STUDY LN

It has been shown' that BC's and PE's in general camptise the

- major lipids of st membranes but only tecenzly has information be-

come available ‘on the phase behaviour of these compounds in model
membrnnes. . With saturated phospholipids ih vater it vas n‘hservad that
the geﬂ to L.c. phﬂse transiciun Lempetatures of PE'S are su\mfanuauy

higher than thuse for coxresponding PC's and that' the sar.ura:ed

- ‘lecithins disp!ay a small endothernié prettansi:ion a few degrees be-.

& ~low the main chain transition which is absent ih PE's (23, 32, 33, 35, 39,

- 50,'59). Therefore, -a study of thé phase properties of artificial




i a5
ey ' .
N . . . ’ "
© systems using DSC would be seful as a basts for furthérvork.
The pret ition. obs with di lecithins has also

; : S i BN

been investigated with a view to decernining how snall 2 difference

., in scrunn’xe must:a Eoreign molecule have in Drder to abolish the pre-

transition and at what coricentrition of pe:tuxbing molecules 1s the

2
3

disappearance -of the pretransition'complete. A series of experiments
‘were performed in which structirally similar compounds werp added to
x - DPPC to see if the pretransition was affected. Analagous experiments

,were perforned with DHPC systems. It has recently been shown that
; S .

\ desipramine. is® capable of the phase tics of

model lecithin bilayers (34). With this in m)(d it was decided t6
.extend these investigations to a complete series of related lipids to

study’what sffeces this drig molecule fias: on' their phast behaviours

Mixed lipid systems more closely approximate a biological membrane
and Lherefnre studies.on wixtures of Ps's and PC's have been under-

s : taker\. A series of expetiments using deslptamine with mixed lipid .

systems were performed to see if the drug ‘exhibited any selettive
interaction with one of the li-pid components. Such chsa&a:iuns might .
‘be extended to biological membranes with a view to explaining the pos-

sible mode of action of desipramine.




_Chemicals

’ (100 mesh) was obtaingd from Fluka Buchs. Chnline cl

checked by thin layer chromatography in solvent systems for neutral

e Bl
. © " MATERTALS AND METHODS ; . R

» . - s = i ’
All lipids*were purchased from Calbiochem, La Jolla, California, .

With the following exceptions: EMPC was a product of Supelco Inc.,

Bellefonte, Penn.; DOPC, DOPE and DPPA were purchased ‘from Serdary
Research.Laboratorigs, London, Ontario; Dipalmitin (purum) was ob- .
tained from Fluka Buchs; Lyso PC was synthesized in this laboratory.

© "
Perchloric acid, 1-amino-2-naphthol-4-sulfonic acid (ANSA),.ammonium

molybdate, calcium chloride, NaCl, Hyflo Super Cel and reagent grade

5 o L .
solvents vere obtained from Fisher Scientific, Montreal, Quebec.

Silica Gel:G was 8 praduct of Merck, Germany and Silica Gel N-HR was

'a product of Machérey, Nagel and Co., Duren, Gernany. “stlictc, acid

ride, ace-

tylcholine :hloride and ethanolamine were yutnhased from Sigma Chemicsl )

Company, Montreal, Quebec. Desiptamine hydrochloridet (10, 11 Dlhydro— !

~d1be,nz[b,£]azepine,) was the kind gift of .

5-[3- (m:’hylsmino)pmpyl 1-5

Ciba Celgy, cmada Ltd., Dorval, Quebec.” Grotalus ' Adamanteus venom

was obtained from the Yiamd. Serpentarium, Miant, Flérida.
. a1 xhe ‘liptds except dipalnitin vere found to be. pure hess
and phasphullpids.. mpam:m was found'to contain principally the-

1,2-diglyceride with’ 1 very small amount of the 1, 3-diglyceridz. ALl

other chemicals were of the Highest purity ccmmezcial»ly available.

* See Appendix II.
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Thin Layer a (TLC)

Silica Gel N Plates - Phospholipids
*  Phospholipid N'plates wére made, from Silica ceJ, N-HR. A :slurry
of 30 gns gel in 60 - 70 m1 water provided enough maserial to cover
five plates to a :m«:kness of 1 mm. The plates vere chen dried at
Yn—unm tamperature and s:ared. Befdre use £he’ plates were ‘activated at '
110° ¢ £0r,30 - 60 minutes. Phospholipid sample_s (1 mg) in a con-w
venlen; solvent were applied via a microliter syringe.. The plates *
.were d_eve1o;{ed in ,va;:iéus solvents based on systens’ desighed for
Phospholipids (64,65). !
Solvents: by volume
( CHOL3:CH10H:CHyCO0R: 1,0 (50330:6:3)
CHC13:CH30H:I$HADH* .(63’:50‘:5)
Detection of materials'was carried out by staining the plates with
indi:ne vapoz.’ Alternatively r.he plates were sprayed w.ith Dictmer»
Lester reagent to detect phosp‘hete esters (66). DPPE can alsa be
: 1den:1£i§d by charring with H,S0, or - spraying with nlnhydrin (ec.)

Silica Gel G Plates - Phospholipids/Néutral Lij ids

0 © plates' (containing CaSO ) were made by the same method as’ vere

N plates usingl the same gel/: te:: ratios. Drying, ac(ivation and
'a’ppnca;ion of sample wa% same in'both cases.’ Detection was by
i:h.g fethods described for N plates. 'Solventswere based on sys’t‘ems .
designed for netural and phospholipids. (64,65, 67).

Solvents: by volume X

“Cellyy

(C3H7)OZ:CH3COOH . FG‘O':AO:L) =

Coriswmon ; ’ : . E




7 =8l

’c‘ucla:cﬂ301;:azo (65:25:4) , . . ’ o
"Detection of Fatty Acids on G Plates .. o ) : M
otites wers sprayed with  Hy50,, TR (V1Y) situiated with &, L0, T v
therl heated 1n an oven at 180° ¢ for 30 minues. Fatty %icids appear
as blackened spots.’ . '
Synthesis of Lyso PC-Based on the method of Welld and Hanahan (63)
DPEC (150 mg) was dissolved in a mixture né methanol (.51 n;l)
and diethyl ether (9.6 ml). Phospholipase A (4 mg/m) (Crotalus’
Ad-!l‘nantgus)‘ wes dibsolved dn 10 m GaCl, and 300 ul.of enzymewns aaeiy
. for every 150 mg lecithif. The' ledithin-venom mixture was 'shaken
for 2 feu minutes, Stoppered and incubated for three days ft room
vemparatuze Gi s Wistiaceton shaker (63% ‘TheveRceim s r_hen pr
by the addition of mbsolute. ethanol (3 ml).. The organic sclysnts ) P
!«:'ere blmm off unde: a_stream of nitmggn and the dry product vwas .
taken up in chloroform. The total lipid content is determined by the

method of:Fiske and Subbarow ;s modifiéd by Dawson, (60).

i The chloroform solution 1yso PC:was

on a silicic scm Hyflo Super Cel (1 1 w/w) column. ‘Approximately 1
gram of silicic acid per mg phosphate were used. The eojumn vas then
eluted with chloroforn, chloroforn-methanol (1:1 v/v) ‘and finally -
methanol. Lyso PC eluted in the chiloroforn-nethanol fraction and the
concentration of lipid was deterined again by the mechod of Fiske and’

Subbarow. All- fractions were checked by TLC G plates'using CH013:CH30H: L

H,0+  (65:24:34-v/v/v) bs the eluting solvemt. . : &
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Phosphate Deterfiinations

(1) Fiske and Subbarow (as modified by Dawson) (60)

" This method will effectively detect inorganic phosphate within
a ran‘ge. of 2 - 40 ugm phosphate. P‘haspholipids ‘in‘ organ'in:': solution & -
must.-be dried under a stream of nitrogen and then diges:ed ﬂar a\;ew
minutes or until the solution s clear with*0,7 ml HCO,, (701) on a
: : hot plate to. yield inorganic. phosphate. . Watér (8.3 ml) is then added
to each sample: fnllowed by the addition of 0.5 ml of 5% annondun
molybdate which forms a colorless or, light ‘yellow complex with' the
) phosphau;:e. This complex is then reduced yielding a blue color by
- the addition of:0.25% ANSA (0.5 ml) (-i—ainxno—zsnapt_\:hu—a—su1fomu:
\ actd). " The final volyme is 10.0 ml. The optical density of the

blue complex is read between 30 - 60 minutes after the addition of

ANSA at 660 mu on a Unicam SP 500 spectrophotometer.

(2) 'Bartlett b on (61)

This method whigh is basically a modification of the Fiske.and. ’ '

Suhbarow derermination 1 generally USEd for inorganic phosphate i

the 0 - 2.ign range. 1.0 ml of HCL0, (107) is'uséd to d/igest phos~
pholi]:id samples on a hot plate for a few minutes or until the
solu:ion_ goes clear Tolloved by the addition of 8.0 mls water, The
" ammonium molybdate (5%) and ANSA (b.25%) (0.5 ml each) are added ' e
and the resulting mixture (final volume, 4.0 nl) is heated in a )

water bath (80 - 100° €)' for 10 minutes to allow for maximum color .

development. A blue complex of tie same type ‘as ini the Fiske and
Subbarow is produced but since more actd 1s ‘used the.vavelength
maxima is shifted-to a higher value.

The optical density was read




"

imnediately at 800 my on a Unicam SP 500 spectrophotometer.
19 - : ’ '3

on of Tc in Mixed Lipid Sys:ems* Et
In.mixed 1ipid samples and lipid-drug dispersions ‘where the 3

nelting behaviour e o detemlning

Te must be qualified. Where ressonably sharp phase changes are ob- g

< L
served the method stated in the lntraduccion may be:used to, obtain the i T
transition teperature. In cases where there is a broad uncooperative o
leading shoulder which merges into a more highly cooperative transition v s

peak.then the tangent is drawn to.the slope of the more cooperative '

transitién. The intersection of this tangent with the baseline then

defines the Te for the 1ipid mix or lipid-drug complex.

Preparation of Samples for DSC " .
(1) Pure Lipids |

Lipid dispersions were made in deionized glass distilled water by
_heating the lipid-water (approximately 1/2, w/w) mixtures 10 - 15°.C

above the-expééted gel to-l.c. transition temperature and dispersing

thoroughly. . ! I % v : Y ‘
(2) "Lipid Mixes: -4 i . U .
.. Lipids were mixed in chloroform/methanol (1:1v/y) or chloroform .5  * *

alone and the solvent was' renoved under a stream of mitrogen. The
samples were then placed in a vacuum for one hour to remove the last
traces of solyant,, [ 8608 cases, particularly with studies involving
the lecichin pretransition, 2,05 was placed in the vacium £lask as an *

‘extra dessicant. The appearam:e of tha pretransiti.on is. appa:em:ly

* See Appendix I.




affected by Qall Qquantities of solvent hence the “added predaution ’
with 2,0, . i - .

The dried lipid mixtures wére, then dispersed in deionized glass
distilled water (lipid:watér, approximately 1:2 w/v) at temperatutes
10 - 15° ’ C above the transition ‘temperature of the higher melting
camponenr_ ‘and'mixed on'a vortex mixture.

(3), Lipid Samples and Desigtamine or Choline, Acetylcholine '

.Ethanolanine, NaCl .
Desipramine was added to pure lipids or binary lipid ‘mixtures
either by intimately mixing the drug-and lipids in organic solution

followed by evaporation of thé solvent and dispersal of the lipid/drug

mix in water (mix:water, approximately 1:2 w/w), or by dispersing the.

dried single lipid or-lipid mixture in an aqueous solution of desipramine.

Choline and acetylcholine were added to lipids by either of the

abqve’ methods. Dried lipid samples were ne:essary for, dispersal in

aqueous solutions of ethanclsmlne and IisCl (165 mM) .

In systems composed of single lipid ‘species, desipramine was in-

. cluded ‘at equinolar concentrations Tlipid:drug, 1: D. I binary 1lipid

mixr.ures, desipramine was included at, a molar cancentra:ion@quivalenc to

elfher individual lipid component. (lipid:1lipid:drug, 1:1:1). The mole

+% of all other ‘additives to Lipid systers vas variable and is stated for
~each case in the Results section. '

» Aiter analysis on the DSC all samples were extracted from the )
alunipun pans by dissolying the 1ipid systems in chlorofori-nethanol

(1:1 v/v) for phosphate analyses.
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Calorimetry .

Calorimetric analysis of lipid pllase changes vere performed on
a Perkin-Elmer DSC-2 differential scanning calorimeter. - Thermograms
were usually obtained at a rate of 10° K/min with a full scale

sensitivity of 30 mgall/s using air as reference. All samples were
£ § 2 e !

- heated and cooled at least twice and reproducible thermograms were

consistently obtained. *”

Standardhation of Calorimeter . ) . i
. Caubra:iun of temperature and areas for enthalpy datamtnarion
vera made using pure Indfum, 99 mole% henxena and 99.5% stearic actd,

as standards.

Deternination of Afeas

Areas of transitions on the thermograms were determined using a
fixed arm planimeter. The area under such a curve is affected by (i),

calorimeter semsitivity (ii) recorder chart speed (ii1) ~sample size

(iv) heating and cooling rates. e Y uJa“' ¢

different from those nomally employed may be interpreted by Kaldn;
into account the factors lffeczing peak size -nd shape. In the studiea
amployed here, all lmple! were .lnalyzed at ‘the same heating and cooling

rates, sensitivity and chart Ipeed as were the u:anduds.

P
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’ "RESULTS s X 3.k
SINGLE LIPID-WATER sysrms .
.“ % As praviqusly mentioned phosphacidylcholines (pCs) and ‘phos—

phatidylethanolanines (PEs) comprise the major lipids of many mém-
biatss,, THeTdcors, ' syeteuatlc study of the phase characteristics
of arcificial systens nay help elucidate the more complex behaviour K
in biological membranés:’ In particular it was decided to anesl:igate
model DPPC and DPPE membranes and to note’ the effects of, minor
structural modifications on the phase characteristicsof such systens
"so that these compounds could be used for subsequent invastigations
of the effects of kbt agents.
" Fig. 1 shous the heating’ thermogram ttacings of water dispersiﬂns
of dipalmitoyl PC, dipalmitoyl PE, dihexadecyl PC; dihexadecyl PE
and the, N-methylated derivatives of both the ester and ether series.
The phosphatidylethanolanine derivatives dxhibit the highest trams-
hgao :

ition-temperatures irn each series. The addition of methyl groups to

the polar head region tends to lower:tlie phase transition temperature
b ‘ > ~

by an amount varying from 5.3 to 11.2° K.. The diether analogues dis-

play consistently higher transition temperatures (2.8 - 4.6° K) than

" the corresponding diester lipids. Table 1 summarizes the tramsition

temperature and enthalpy data associated with the gel to liquid crystal

phase change of these two lipid series.
‘As stated, there would appear to be an inverse relationship be-

tween transition temperature, Tc, and head. group methylation.  In each .

series the PES possess the highest Tc's with the PC derivativés having |
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Figure 1. - ' Y

Tracings of DSC heating of aqueous dispersions of

dipalinitoyl and dihexadecyl PC's ‘and PE's and their N-methylated

intermediates. The arrow here and in the other .figures indicates heat’

~  flow into the ‘sample, i.c., sr;vend.othemt‘cvchange occurs in ‘the dir- .
ettlon of the arron. . Abbreviations listed in the text. The slope of.
the baseline in themogrsms depends on hcch the amount and type of .
sample and on ‘exact location of sample pans in the analyzing heads.
In Some but not all cases the slope can be compensated for by an e
strunental adjustment. Thé deteimination of - transitioh temperatures

-and enthalpies are not affected by slnplng baseline as long as the

slope is consistent.

T (@) oeee r - . (e) mM-DrEE
e : RO DHPE ' ; ' (£) DM-DHPE
' " (c) Mme-DPPE ] : (8 veEC
(d) MM-DHPE ’ i 3 o (h) ‘DHPC‘ 4

. The structures of these copounds are given in \Appendix II. The low

temperatura endotherm 'is the ice to _water phase change
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’/, TABLE 1| . . i %
. TRANSITION TEMPERATURE (Tc) AND ENTHALPY' OF TRANSITION DATA
. © FOR SINGLE LIPID SYSTEMS

i pid -.  Transition Transit{unc Enthalpy o B
- 4 . Tenmperature Temperature (cal/mole
ot ; “Te (°) .~ Changes, (°) ~ _Phosphate =
Y 3DHPE (5)* : - 7.64 + 0.101 "
MM-DHPE (5) 6.1 9.09 ¥.0.55
\ DM-DIPE (5) = 112 9.53 ¥ 0.44
DHEC (5) X 9.40 ¥ 0.54"
o . ) RS #
; * bppPE (7) 33607+ 1,2 - 8.79 #0259 .
. MM-DPEE (5)  33L4F L2 ¢ 5.3 8.63 ¥ 0.53
DM-DPPE (6) . . 321.2'F 0.7 10.2 10.04 ¥ 0.86°
DPEC (4) 3135 ¥ 0.5 7.7 8.50 ¥ 0.30
% “Nunbeis'in parentheses refer £o nunber of determinations.
+  Values reprted as mean values - 4 957 confidence Linits. voe,  gie B
R ‘ra _ Diether lipid ‘series. | 7
- . b . Diester lipid series.’ . “ c e

3

+Tc of ‘any gived lipid subtracted from Te of 'the previous
pid’ in the same series, e.g., Tc(DHPE)-Tc(M4-DHPE) = 6,1° K.”
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the: lqwest. The :xansnion enthalpies -do; not show any systematic

Variatian with methylatinn. In the z;tetha&-ﬂéties it appears I:hat any T

* methyl - substitution on the DHPE head group Taises the enthalpy o’ sn ap~

proximately constant value ranging' £rom 9,09 to 9.53'kcal/mole phos-

phate. In the diester ‘series it gaams, that :he addition ef two methyl

‘greups to the DPPE head. group rsises the sm:halpy to a signiﬂcanr.ly

higher value (p < .025) which is 1o_wered by the subsequent addition of
‘a third methyl ‘group to’the approximately equivalent range 8.50 to 8.79
keal/mole-phogphate obtained with the other three derivatives it the

: B . L e 2] R

THE EFFECT:OF PERTURBING FOREIGN MOLECULES ON THE PRETF‘\NSITION OF DPPC-
AND' DHPC-WATER DISPERSIONE

The understanding of phase behavlnur in menbranes and the effects

“of possible modificaticns by perturbing molecules is of interest with

respect to a thorough unde‘rstaudmg ‘of order in biolagical menbranes.
WE have attempted to analyze the effects of introducing percurbing
molecules which' cause minnr changes and one compound vhich causes

drastic changes in‘phas_e ttansir_ian behaviour:

. ) . J
As has been noted previously the disaturatéd, lecithins in water .

shov a Hmﬁ ¢ on DSC i which ‘has been

variously ascribed to changes in the head gréup or a head group/water

- ofgentzation or toa chatn rotation or t11ting phenonena. Fig. 2

shmis the heating thembg:&ms for DPPC and DHEC," which in the Beries ¥

“of lipids under invest;igatlon here ate the’ only ones to shiow & pre-
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“in n}vpc and DPPE in DPPC cause the abolition of the précransizmn
(33, 590 "Ve wished to systenaticdlly .examine the effect of head
“group changes over a narros rangs to determine vhat min}mal variation
from the BC head grow is " required to affect the pretranstifon.

R T —TT admixpd lipid, in this
"case lyso PC, on the pretransicion of DPEC, e shoni e nomed shes
K:he effects of lyso PC on ‘the phase behaviour of DPPC has been in-
SasEigitea préviously dsing® diferential scanning calorinetry (70).

In the presence of 5 molé % lyso PC the. pretransicional endothern
is substantially braadened indicating a considerable “reduction In the

coopemcivir.y of: the associated phase * change. At 10 mole % lysu ®c,’

the pret tion'is no.longer de: The. enchaipy of the pra

transition. ﬂ?\tive to the main transition is reduced by varying -
percenzaggs compared :L that obtained with DPEC alone, “depending on
which 1ipid is added, Tabie 2 sunmarizes the effects of various
added lipids on the pretransition of DPEC. Dipalmitin was chnsen for
study because 1t is a diglyceride) com:aining the same fatey acyl
chatng as DPPC, At concen:rutions between 2 ~-5 mole % this® compoundr
¢ dininishes the cooperativity and enthalpy of the pretransition and at )
.10 mole % the pretransition is abclished. When mixed 1d the laclchin
) bilayer at 10 mole %, DPPA abolishes [he p:etransl@m\al endntherm
“This phospholipid lacks the choline moiety but is otherwise 1dentical
to DPEC; Lyso PC cotains no palmitic acid residue at the s_n:Z :arbon“
of u_n; glycerol ank@e_ne and ita abfest on the pretransition in DPPC
hilayers: has been Stated previously. PMPC is an Anteresting ‘conpound

* in that it {5 virtually identical to DPC. Instesd of 4 palmitic acid




" Figure 3. it v -
’ Tracings Of the DSC heating thermograms of ater dispersions

showing the effect'of added lyso PC.

The nuibers refer to molar ratios.
e, umbe s
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: TABLE 2' ° | " ) : ‘ )
Lipids Affecting the tions of DPPC %
@ S . 5
Lipid Added Concentration Effect on the S '
. _in the bilayer pretransition
- (wole T) - ok
2 Dipalmitin . 2 D
5 D o
o ‘10 A
DPPA . i T .
Lyso BC : 2 SR : b
" 5 Do
10 %
’ PMEC 6 s D, ’
% 5 . 10 2 N -
13 2
' MA-DPEE ., * - 5 D.
. 10 A
DM-DPPE 10 13 1
& c .20 , A
DHPC 10 ) .
= 50 A &

1 » - thie pretransition is present i S —
D - the cooperativity and enthalpy of the pretransition -
ate diminished ¢ . g ;
& = the pretransition’ts abotished | ° %
Ko ally msition could be ob= " =

A
served qn initlal heating but whicy diuappurad on §
tepeatlng the heating ind cooling cyele. - A
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LI . 2
(Cls) residie there dew myristic dcid (Cpy) at the sn-2 glycerol car-
bod. Despite this Very minor structural chsnge it has been ubsezved
that pure PMPC wacer dispersions shm: no decectable pretransitions,

even though- it is a disaf.urated lecir_hin. Since DPPG alsn shows a pretrzn—

. sition (30) the common point would appear to be satiEaY chains of

equal length. When included in DPPC bilayers at 6 mole % it dimtnishes
the -observed pretransition. Ac’ 10 and 13 mole % a subsr“‘antially
dininished pretransition could be observed on initial heating but which
digappeareé on subsequent cooling and reheating. MI-DEPE has only one’
methyl (Giy~) group on.the ethinélamine,portion of the head group as
'n;,posed to the three methyl ‘groups in uPéq. As observed with the pre-
‘vious compounds, & cunc‘entratiun of 5 mole % diminishes the pretransition
while 10 mole % abolishes it.. DM-DPPE and DHEC s};ow\slightly different
behaviour. DM-DPPE has one less methyl unit ot head group than
DPEC. 'Unlike the other compouids tested, the pretrans‘itiﬂn L DPEG bi-
‘lajers is apparently unaffected by concentrations of DM-DPPE up to
10 ole %, It is, however; abolished when mixed at 20 mple 7. DHEC
is'a compound in which only the linkage of the ° 6 chain residues
to the glycetul backbose'ds différent than that in DRRC. This 1ipia
at concentrations up to 10 mole % caused a diminishing of the DEPC <
pretransition which vas only abslished at higher concent rations (50
mole %) .

DHPC-water dispersions also display a R pretransitional

endotherm on_heating which occurs slightly further below the, main

transition (8.89) thad the one for DPPC (7.5%.  The effects on the .

DHPC pretransition after addition of a number of structurally similar
b .




D -
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lipids are presented in Taple 3. DHPE, MM-DHEE. and DM-DHPE vere chosen
" for investigation because apart from very minor differences in the head
' geoup, region ‘they are almost identical‘fo DHPC. Inclusion of either of
Wthese r_hree:lipid‘s at concentrations of ‘B mole % yielded substantially’
dinirished prétransitions,while at 10 mole % any i o Criass compounds |
abolished the DHPC pretransition. - The presence:of 10 mole % DPEC in
mm: bilayers had no apparent effect on’ the prer.ranxil:ion however at,’
lhigher concentrations (50 mole %)  the pretransition was no longer
detectahle‘ - R ’ .
In addition to mixing.the lipids mentioned in Tables 2 and 3 with
" DPPC or DHPG respec:ivel&,.a num\;er of water soluble additives were
" fested for their cifects on the pretransition in DPPC ‘and DHPC bilayers:
Whéress the: 11ptd components mixed with the lecithins might be ex-
pected to sffe&the chains ami/nr head group, the water soluble com-
" pounds would be expected to interact predeminantly at the polar head
" group. ’

Acetylcholine chloride; 'qhniine inioride aud Sk lantae The
cluded 1}; DPEC dispersiops so as to be at 5; 10 and'20 mole % with
respect to DPPC did not significantly alter the pretransition of
DPPC. Acefylcholine chloride has also been mixed with DPEC in organic oy

- soiution in the same way as the mixed lipid systems.vire obtained,
with no appreciable effects on the pretransition up to 15 mole %
_gcerylcholi:xe. Cooling thermograms obfained in 20 mole % of these
water-soluble’ compounds did d,igiuay' a vnewnpher.mmencn. s daahiown Lo

_Fig. 4, cooling thermograms of DPPC-water dispersions show only one

exotherm, presumably attributable to the ordering of the chains. In
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= o . TABLE 3 . . .
.7 - ! .
Lipids Affecting the Pretransition of DHPC-Water.Dispersions’ ~ ( .
Lipid Added . tration P tlon of
4n the-bilayer . DHPC .
. (mole %) . s !
DHPE 8 " D )
> i 10. A
Mi-DHPE P D
s 10 A
: DM-DHPE 8 # ! D &
g . 5 10 A
DPPC- - 5 10 i
L 50 . e A
i % :




Figuie 4.'

of DPPC-water dispersions’

Tracings of the DSC cooling

of ethanolamine. -‘The numbers refer

showing the effect of the

i0s.
to molar ratios i
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 the presence of 20 mole % of acetylcholine ‘chloride, choline chioride’
or ethanolamine a new small p N - occurs some 12° K °
below the main exotherm. When ga_n{vleé exhibiting this minor exotherm
were cooled to a point below the normal ;ndnthemic pretransition but
above the minor exotherm, then reheated, no pretransitional endotherm
was observed. Similer ffects on the pretransitional endothern and on
the appearance of the minor exothern’on cooling have been observed .
with DPPC dispersed in NaCl where NaCl is at 20 mole % with respect

to DPEC. This minor exotherm is broader (less cooperative) then: the

ptetxansitinnal endotherm,

THE EFFEéTS OF DESIPRAMINE ON SINCLE LIPID DISPERSIONS
It has hean shown previously that the particular phase of the
hpids plays an important role in the activities of many membrane
pr‘ocesses such -as enzyme behavio\:ur and transport -phenomenon (3, 4, 5)
In biological A TREE HeveTaL compounds haye been shown to affect
11\;1:1 phase transitions, e.g.; cholesterol G, prateins @0, and
Aong (32). Externally added “compounds have 2lso been shown to modlfy
~ the phase characteristics of lipids. Among the lacter are included.
anesthetics and :ranqu/tlizers (57 and drugs such as motphine and the
tricyclic untidepressants 1m1pramina and desipramine (34). A sys:emauc )
study of the effects of desipranine on similar lipids vas undertnken to
deternine the effect of this drug on' the phase behaviour of these lipids.
It should be mentioned that desipramine alr.me and aqueous solutions )
of this drug shov no cbservable venadeibie over the temperature ranges *
emploed 1n these. Experiments. 8 B

N




Fig. 5 shovs. the typleal effects of desipranine on pure lipid
systems. Heating thermograns of DPG and DPPE abe shown along with
‘:he thermograms of eq’uimolar 1ipid:desipramine mixes. The tran$ition
temperatures of both 1lipids are lowered in the presence of desipramine
with the extenc of Towering of the Tc being greater with DPPE than .
peEC (mZB X vs '\411 K).. These cibsite dte representative .of the be-
haviour gbserved with both the diestet and diether series of pure .

lipids. The effects of desipramine on the phase properties of the pure |
lipids sturlied in section 1 are summarized'in Tables 4 and 5.

Equimolar 1ipid- drug (1:1) ratios were employed since these mikes
exhibit the maximum effect of desipramine on the phase propercies of -the -
Liplds. With the exception of DHEC ;hu:lusion of the drug in the'bi-
layer increases the _ent?alpy of transition. Desipramine also causes’
a reduction in the gel to. ixquid crystalline p‘hase transition temper- N
tur (Tc) in all cases. The extent to which the Te is lovered is ™ -
dependent on the phosphaupid head group. Phospha:ldyle:hannlamines
and theit menan\ethyl derivatives are apparently more susceptable to the'
effect of desipramine than the othér lipids in :nege,series. e shifts
of 21.7 tq 24.3° K aré observed with these compounds (Table 5). ‘As
methylation of the PE head group is increased, ‘thé degree.of lovering of
the transition cemperature 1s decreased. Therefore the effect of .
desipramine on. the Tc Lfrthese Tipids 1o mininized with the: phospha-.
tidyleholine entities in both the éther and ester series. Témperazur_e .

shifts of about nne—‘-t_hitd and one-half the values of their PE or MM-PE

derivatives are observed for DHPC and DPEC respectively. As previously . - '

‘mentioned the tramsitional enthalpy is substantially increased by the

}
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TABLE 4

EFi"ECT OF DESIPRAMINE ON TRANSITION TEMPERATURE (Tc) AND ENTHALEY OF

g SINGLE LIPID.SYSTEMS ¥ .
Transitfon - Temperature ~ (°K) Enthalpy (kcal/mole phosphate)
Lipid —Des: _ iine® = = *
2pypE 3413 + 1,5° - + 2.22]
MM-DHPE _ 335.2 + 1.3 T.2.20
DM-DHPE 3240 % 1.2 178
DHEC 316.6 ¥ 1.2 ¥ 0.94
~bpep 336.7 & L2 +0.98
“M4=DPPE B4 T L2 T 0:85
DM-DPPE 3212 % 0.7 - ¥ 0.99
313.5 ¥ 0.5 ¥ 1.18

Valués reported as mean
* A1l lipid:desipramine ratios are 1:1 on a molar basis.

a Diether lipid series:
b - Diester lipid series.

values + 95% cor

nfidence limits' (N > %), .

S



& X - ‘the ’l'c/entlulpy ‘of the lipid- drug complex (lee alse Table
a.  Diether lipid serles.
‘b’ Diegter lipid series. Wt

4 IN SINGLE LIPID SYST?IS L )

Tediateion tenpirstive " Enthalpy changes*s
<0 a0 changegx It Oeealfiicle pHiasphate)

-315 i

: 22,8 =4.14
2.7 -4.29
SR 17.1. - -0.90 _
1.2 L. -3.247" e

- This refexs to.the 'l’c/enthalpy of the single. lpid ~ ‘minus
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presence of” desiprnmix\e 1n the bilayer '(lur value of 11.74 kcal/mo],e

for the ‘DPRC:desipramipe (1 1) i’ diffets fron that reported by Cater

et al. of 9.9 Keal/mole.

‘The enthalpy shifts (Tble 5) show,no s

. syscemmc pattem and they tend £o be greater with'the epter 1ipids

than ith analogaus ether lipidy -

.PHASE SEPARATIONS IN'DucED BY DESIPWINE N BINARY LIPID MIXTURES o

~The fxrst work on phase separation of '1ipid water ‘systens was done
o hinammumres qf lecithins using tslorimetry “(23). ‘Since then there..

Havasbisbuany studies dealing with.phase sepsrations in model and - .

biological membr:mes. In‘parﬁik‘_ular ‘phase diagrams representing
lateral ‘hase séparatichs in the planeof model 1ipid bilayer. mem-

branes have beén, obtaiiied (35 36), aid tramgbilayer. assymnetry has

‘been ubsewed m Sanicated phuspholipid vesicles (33) The hetero-

gena;:y of biulogical menbranes, has alsu been observed using electron spin

resonance experimenfs (17) . ;

> . As already stated 15 i peaiita section many compounds’ can

i e
Anteract with 1ipids to change theiy phase. behaviour In essence,
, these molecules pay represen; A’trigger mechanism Uhéreby iocal ehange
of, fluidity o phast asparacisn end thetefore changes n the membrane

. permEab:lltiy characteristics may also take plate as a result of such
nnq.“
o important, leading to lateral futormation transfer ahmg ‘the ce1l "

‘o & v

Trigger mechanisris Of, tiis type could be partieulirly

\meribrane.

Xn this respect a study uf the phase nha!scteristics of mixed L

to the of events id a-

lipid systems wo‘uld be 1aty




. ot . R
blological menbrane. “In particular it would'be'of interest, to study

the ihgcr;éeion of desipranine wifh mixed lipld systems and to'note any
difrerential effects upon the 1ipids. . ’
When gnalyzed calorinetrically; pinsry mixtures of Iipids usually

exhibic a broddened somethat uncooperative phase’ change relative fo.a

pure 1ipid transition. Fig. 6 shows the typical melting behaviour' of *

. an equimolar mix of DPPC and-DPPE. The observed broadening is due to

a complete mixing of the two lipids in the gel'phase resulting in an

ive melting . rather.than two sharply distinct phase

: PR - ,

changes. 1f desipranine is included in the DPRC:DPEE mix such “that the

total lipid: drug ratio is-2:1-then the phase hehavluur of the system is
altered and this tan also be seen in Fig.' 6. Desipranine lavers the

transitiun tempera:’ure ot' the.mixture, by approximately 12 to 13° K and

" would appear -to induce some sort’of phase separation. At the lover end

of the. :ranslcion there 15 a fairly Cooperative corponent vhich extend,
{nto a bucadst, 1ass cpoperative ‘secend Eransietod.: The cooling. surve
of this system also exhibits two distinct transitions.

Monotectics of varylng ipid compos!tinns were analyzed by’ DSC
and these results are presentedin Tahle 6. Agatn, it 1s observed that
the transition temperatures of the PE's ‘afe affected hore so”than those
f ‘the PC's or DN-DPPE derivatives of a given monotect e, sestions T

i - ;
and II of this table réfer to monotectics of different PINs and PE's and

in cach case the transition te . of jthe mix is ally
lowered by the ‘Inclusion of desipranine ‘and tvo distinct phase changes
‘are observed on the thernograms. LUnlike pure 1ipid systems vhere ;

desipranine raises the enthalpies in most cases the enthalpies of ‘the




"Figure 6. ! S L

".Tracings of the DSC of an equimolar DPPC:DPPE mixture "

showing the éffects of added desipramine. Tracings of the DSC heating
‘curve (a), and.DPPC:DPPE:

,thermograms ‘of a DPPC:DPPE- (1:1) mix

Desipramine. (1:1:1) mix, curve (b), ‘showing the effects of des:‘ipramlne
on the pure 1lipid mixture.. o ' ‘ ‘

A DSC. tracing of the cooling thermogram of the DPPC:DPPE;
Destpramine ‘(1:1:1) mix is also s}&own, curve (c). . s .

. The numbers refer to molar ratios.
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‘TABLE 6 i 5y

" EFFECTS. OF DESIPRAMINE ON THE TRANSITION TEMPERATURE AND ENTHALPY DATA OF BINARY
MIXTURES OF LIPIDS WHICH FORM SOLID SOLUTIONS -

Lipid systen Transition temperaturd (%K) Enthalpy (kcal/mole
- ‘ 2 - % phosphate) .

1°DSEC + ., w3265 - : y.0.
DSEC:Desipramine pr o= © ND. . o N.D.

_ DLPE © - Fai% 303.2 - : N.D.
DLPE:Desipranine’ . < 274.1 4.45
DSEC:DLPE* : 305.6 - - 10.08
DSPC:DLPE:Desipramine .. 270.2 - 15.54

11 pREC - ey B 313.5 oo 8.50
DPEC:Desipramine ¥ 1302.3. S ILTE .
DPPE 3 + 9 336.7 ) 8.79
DPPE:Desipramine’ . LT . 313.9 = 12.93
DPEC:DPPE* " *317.0.. - - 10.15
DPPC:DPPE:Desipramine! . @ 304.5 % 2B 9.63

III DMPE ~° ° = a2 .o § . 7.03
DMPE:Désipramine’ » 295.8 . - 7.10
DM-DPPE 5 S o316 10.00
DM-DPPE:Desipramine’ 304.9 - < 9.93

* DMPE:DM-DPPEX . . :322.4° = 7.64
‘DMPE:DM-DPPE : Desipramine! < 300.2 ; 4 B4t |
+ Lipid:desipramine ratios are 1:1'on a molar basis.

# Lipid mixtures are 1¢1 on a molar basis.
# Total lipid:desipramine ratios are 2:1 on a molar basis.

: N.D. - Not Determined. £

v
- e

Se¢ Appendix I. ) 2

= 6=
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“.monotectic mixes are not systes cally by the of

the drug. - Section TIT to-discussed later. ; ,
« .

THE PREFERENTTAL INTERACTION OF DESIPRAMINE WITH THE MORE FLUID COM-
* PONENT OF MONOTECTIC LIPID MIXTURES

When the transition temperatutes of two pure mixed 1ip1ds vary by

~20° K, thére is usually no mixing OF these lipids in the gel phase and o
two separate phase transitions are observed calorimetrically., The ef- . .
e T
ée}utions‘ has been investigated and some typical themograms are pre-

" sented in Fig. 7. Although the uppér DSPE phase change is sonewhat
.broadened, the mixturie of DLPE:DSPE" (1:1) shows two distinct transitions.
Innediately below this tracing is shown the same system in which the
‘total 1lipid:desipramine ratio is 2:1. It would appear that the
drug has a preference for the lower mel:ti.ng component of the mon«:;tectic

as its transition temperature ¥s substantially lowered while the upper -

"melting component, in this case DSPE, is largely unaffected. This vas
found to be the case with all such monotectics investigated, Fig. 7, and
this data is summarized in Table 7. In g‘enerﬂl it would s‘eem tl‘mt L
déstpramine exhibits a preference for the lower melting component in

" each mix. If twoPC's are mixed the transition temperature of both is
lovered with the sore flyld liptd being shifted to a greamr‘ extent.
If a PC and;a PE or two PE's are mixed, the dtug will almost exclusively

interact with the lower melting component. An additional llpid mix was

L annlyzed to ensure that the preference of the drug was for the more fluid
component of a monotectic-and not for a particular head group. BMPE :
+ . and DM-DPPE have transition temperatures less-than one degree Kelvin



" transition.’

is useful since the water doesn' t supércool (i.e., water + 1ce) untila 4

Figuie, 7. ;
lc lipid mix-

Tracings of the DSC heating of

tures which do not form solid s&1unons

hovitng the effect of desipramine

on rhese»mixcur'es. Numbers refer to-molar Satioa

therm 1in some traces is the ice to water phzse cmmge (at ~270° K), . i

The large endo-

In the remaining traces, the water endotherm vould nomally mask_the
much smaller lover lipid phase transition (the upper-lipid transttion
would etill be ohservable, hovever) . Thetefﬂre, in order to vxsualizé\
the lower lipid transition these syatens were supercooled to 1260° K

and then reheated o yiedd the observed themug!ams. Such a technique

cemperature of ¢255° K 14" reached. Thus, in the above systems, the

water is still fluid at 260° K and when reheated from that temperature

there is no water endotherm to mask the lipid or lipid-drug-phase T *
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. DLPE:DSPE:Desipramine?

TABLE 7 _

_Enthalpy

EFFECTS ‘OF DESIPRAMINE ON THE TRANSITION TEMPERATURE AND ENTHALPY DATA OF BINARY MIXTURES OF
- E " LIPIDS WHICH DO NOT FORM SOLID SOLUTZONS

\stuim
temperature

Lipid System . “Transition
5 = 5, temperature OK (kcal/mole:
. changes* (°K)/ phosphate)t
. < ~ 2
DLRE:DSECH : 271.1 / 306.6 1.14 7 6.43
DLEC:DSEC:Desipramine? 252.3 7 299.0 18.8 4 7.6 / 6.18
DLPE:DSPE* 302.7 / 316.1 , 2.36 /75,61
ﬂ 277 . 316 1 25.2 / 0,.6 3.03 / 6.95
DLEC:DSPE* N270  /v392.3 2.64 / 5.28 '~
’m.pc:nsyn:besip:mme*’ 247.3./- 3218 ey /0.5 s 2.39 / 4.93

R

* +

. Transitton tempzrar.ure of each individual 1ipid phase change.’

This refers to the value of the transition temperature of each lipid componen: in
the 1:1 lipid mixture minus the transition temperature of the same compcneut
measured in the Lipid~ drug complex.

Enthalpy of each-individual lipid :xmsxﬁan has been measured.

Lipid mixtures are 1:1 on a molar basis. L. d

on a A basis.

Total lipid:desipramine ratios are 2:

'

w

©
'
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apart. The thermogkam of a DMPE:DM-DPPE (1:1) mix is shown in Fig. 8. ¢

A fairly cocpe!ntive lransl[ion is seen for this mix. Upon interactiom -

"' of thedrug a g Of the tramsiti oceuis but the
» components are not -separated, although there s sgme upfield tailing. )

This resulc is.compatable vith the previcusly noted preference of . .,

destprantne for the loer’ melting component of a mixed 1ipid system

since both ipids, in this case, have approxinately the same fluldity.

: The data obtained from this lipid mix is sumarized in Section III,
S, Gabla 5: ‘Desfpramine lowers tha transicion temperature of DPE to

295.8° X and. BH-DPPE to '304.9° K. The transition temperature of the '

mix has been lovered by v22° K to a Vilue (300. 2° x) in:emediau be- .

twedn the x of the DMPE~( and DH-DPPE-
i 4 e 39 complexes. - & L . 2
. ° e ‘t .
. - .
e .
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Tracings of DSC heating

mix showing the effects of added desipramine. Nusbers refer to molar.

ratios. - 4 o i 2
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. STUDIES OF SINGLE LIPID BILAYERS §s w g &y
. Studles of water dispersions of DPPC, DPPE, DHPC, DHPE and the

N-Methylated internediates of both the ester and ether series of pure

lipids have shown that the main chain ttansitlw temperature vaties

. inversely with the extent of head group me:hyl-uon. The simplest

explmatien for :hh behaviour Hmlld be that inculsed bulk-(by

mlhyl group 1ntroductlon) in the head groups of the phnaphvlipids

‘Lows. for & deueused rpu:kmgA densicy and thus 1uwer :unsiziam tem-:

pEtature. I: is also vnaulhla bhat mcrensed‘ methylatiun changes the | v

nrlent:tion hetueen :ha hand ‘groups and the p.lnna of the buayer with T

. consequent chnnges in plcking density. Honollya! studies (41, 42, 43)
‘Rave-indicated :hnt 'PE's are.more closely packed than'Pe's with, the ¢ i
lhlxting area: per -nuc,.u fur PE's being npproxlmtaly 4X less than ° - '

. for, 'analagous PC s. Altheugh all the lipids. used would be expected . - oo, .
to be Mztertam: over a broad pB nnge 1:: Has _been nbserved that

l‘.hll’ge neu(mlizl!ion may ucl:ux in- PE'I but not in BC's because of

wd amfemmes in head group: orientatdon with the bu-yer in the two '
nyid—uagex systl!ls (AA) lt was sngges:ed thur. lha Pc head ;rcups -re

o onen:en tnnsenl:ial I:o the bilayers of £ toterdigleated 1n a nmm-euu

f-ahxon. Py o L .‘,- v N

' enthalpies do not show a sﬁ:emunc variation dn; - 0 v

* The transif:

*either seriés. Appamntiy, any. methyla[iun of the PE head group raises: =

"' the enthalpy to'a xell:ively cunutanc value: rlnging hacween 9. 09 to ol

9 53‘ kcal/mole phoaphlle» Ill tha d!este! Bnries. W—DWE has t:he v

. & 1argent enﬂulpy n:h :he o:hgr :hree 11p1ds heing npproxxmnely equul




B temination the nmuunt of lipid presenl: is* measured aff.er calorimetric

. or minnr transitlun on DSC themagrams. The pretral\sitinn has been

et al. (1.7) and Chapman et al. (33) but lower than nha:«repnr:ed by

l:ype of enthnlpy correction used, by Hinz and Sturteval\t (39) failed

_membranes is very semsitive to the presence of forelgn molecules in the g

(8.50 to 8. 7 kcal/mule Pliosphate) . ‘ ) e R

The measurements nade ‘here confim, ‘extend aid provide enthalyy .
data on some: of the capounds oGyt by e taatuEsel,
dxfferential thermal anaiysis (sg).~ The enthalpy value for DPPC

(8.50 keal/mole phosphate) ‘is in. agrefment with that, found by Paillips - T

Hinz and Stuttevant (39) and ‘Cater et al. (34).. Applications of the

to significantly alter the heat of the mam transition.. In some cases
these differences may arise whe!e keal/mole ph0§phate~is seasared” .

rathex‘ than kcal/n\ole lipid on a ueighl: basis In the phosphate de-

ahalysis and thus may provide, a more accurate valie of the quantity

of 1ipid {nvolved {n the phase :ransicson. thus avdiding inaccuracies LR

due t‘u water evzporation during :he sample preparstion and ttansfer.

* PERTURBATTON OF LONG RANGE ORDER OF SATURATED LECITHINS BY FcREIGN : N
HDLECULES k]

As stnzerl in x:he Resulr_s section it has been repor:ed previously

that the disaturated lecinh,tns 1n water show a pretransitional endotherm

attributed to changes in the helad group or head group/water reorganiz— %

ation (23 45,  46) or pnssibly to a chain rotacmn (39) or tilting .

phenomenon (26) or a combination of thesg effects. It s also aetts T

foted in' the Results that the pretransition observed in model lecithin
. . .

bilayer. . e g 4 . . ol




o ]nsci[hins has been ubserved previously with cholesterol (23), drugs

.structure on the pretransition.
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. " The ‘susceptibility of the pre tional ‘endothérm of

(34‘), phesphacidylethanclamine (33, 59); and lpcal anaesthetics (48)

“ iy
and lyso Pp (70). With the ekception of the qbsetva[i‘ons 1}1 the 'mem=

braneg with PE, and 1yso PG mast, of the fazeign molecules have been of
substantially d&Efesent&st:uctura In these experiments we have at-

Xénpted to'deternine the affects of compounds of a very similar
The observation of. the lack of a precransition m/mvc 1s quite
. dntevestings" It s noted, hovever,  that the poséibility of impurities -
“in the commercial p’rep?ration whith we may not hive doEeatad could
. be responsible (a fatty acid analysls 'kxn;uy perfn‘rmed by M. Heck
“eliowsd @ cduposition of 4:-7 mhle % myristate.and 53 mole % palmitate .
with-an error in' deteriination of approximately + 14).°‘Thus it may
b"e'r.ha‘: va have a mixed system some of Which 18 dipatpimyi PC. It is
. noted with kegaid to this, hovever, that all nixtires of DHEC and ptyq‘_
have been found to display .pretransitions (33).
| Partusbation of e DPPC platransitfon oecivs in the presencé of
5 mole % of a numi)er of 1ipids with Ehe same (acyl chatn léng;:h (Table
z)‘-. In almost pll eases the pretransltion is cnmple!ely removed at .10
‘mole % of the s_gcm\d npm. Dipalmitin, DPPA, MH-DPPE dnd DH-DPPE- do
dat ave as large a héad group as pPRC. It could be”argued thiat .
creasing spacing is-alloved in the head group region on the 1nsen1un

c,f the molqcules rasulting in a different packing Bnmngement for ‘the

DPEC’ hea ycup. Similarly the" effects.of DHPE, MM-DHPE Bnd DM

~in DHPG could result from head gorup packing changes. Huwever, none
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of thesé added compounds have a choline head group, and do mot display

5 a pretransition on their own. Chain orientation in these compounds

with respect to the plane of the bilayer could.be expected to be dif-

) ferent from that of DPPC and at sufRicient concentrations they\Aay af-

fect the ability of the DPRC chains to t the tilted con- -
2 fdguration in the gel state. .
o 'Lyso PC has an identical head group to DPEC, and thus the ab-
"sence on¥ the pte(rmli:r.lun at 10 mole % would appear. to e host”

casily aécoun:ed £ hy"xn:erference in chain packing, It is of in-

terest to note wjth respect to the addition of lyso PC that even at s

"\ 10 mole % 56 eubstantial ettacts op the matn chaln’endstiee are e

obsezved (Fig.-3), in spite of.the fact that lyso cdmpounds are often

considered to have effects on + Klop. et al.

. “(70). have observed that up to-approximatgly half of the bilayer can be

‘lyso PC without substantial effects on the main-chain melting enthalpy
or phase homogeneity. . ) o
DHEC alone in water displays a pretransition as does DPPC. Mix-
8 % viires 7ok Ahask conpond 4o hok-as ‘dramatiéally afféct the pretiansition
as do ‘the other compounds At 1:1 molar ratios of the two hpids. '
Xl Iuw!ver. the pretransition is no longef evident in contrast to similar
mlx:ux_‘es of DMPC "and DPPC: where Cl\e pxer.runsitlan is still evident al-
HGIRH EIAGHEL EbaaAL Erin o the single lipids (33). The prese‘pl:e"
of ether bonds in the backbone region of DHFC nay account for this'
‘difference. Similarly; very slight-differences in the packing of the - S
% /" chadhin, T/ Ehe e atheR comsbiide ey aceobie s fox bl asdyatisn that. £

b e the pretransition i abolished in DHPC:DM-DHPE 9:1 mixtures while it is °
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still present in mixtures of the dipalmitoyl components at the same
concentrations. * '
Acetylcholine; choline and ethanolamine when intimately mixed vith

the 1ipids before dispersion might be expected to pack in the head group

" region with possible changes in the'pretransition’if head group movement

were its origin. However, up to 20 mole % of these conpounds, no N

significant effect on the pretransitional endotherm 'is observed, in-
dicating that these compounds are likely, to remain in or are excluded C e

.to the watér. It has also béen found that  interaction at the head

group of iranyl (uozzﬂ ions which presumably bind to the phosphate
oxygens do ot aboltsh the pretransltlon (33). Thede water soluble &
T — originally fntinately wixed with ‘the lpids. in organte . .

Solution to ses if these compounds affectéd the 1ipid before betng

prastmably, aReladed: to iaiiater phiae, No iobiEvable" SEfects ware'
noted in the lipids and»chereme in subsequent experiments the lipids

vere didpersed m aqueous solutions of these cnmpoumis The induction

of a minor exothern on eooling Ir the presence of: thesé conpgunds
agpeara-to be areributeblsto a revarial 6F the process tesponsible :

fgr the prenansiuun‘. since 1f lhe samples are not cooled below

this minor exothern the normal precransicion s absent on xeheating!

+0n copling DPPC alone in vater no minor tramsition is seen. This'vould
md'ics:e that the ‘:eérrungemenc (most’ likely of the cheins into che

tilted configuration) is either a non-cooperatiye process or that it s
occurs under the main exotherm. 'Although :his transition can be either
displaced or increased in cooperativity.in the presence of 20 mole % of .

acetylcholine, choliné and ‘ethanolamine, it would appéar that it is caused - .
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by some long range electrostatie effect ‘since NaCl at 20 mole X tGao.m)
¢an also tnduce the same behaviour.s

The najority of, findings reported here ‘can be most easily and
consistently accounted for if the p:_eczan;um; arises at least.
principally from a hydrocarbon chain rearrangement, elg-, from the tilted
to perpendicular configuration (26). The arrangement is sensitive to
dlsruption by small améunts (1 molecule in 20) of added 1ipids of very'
sinilar in structure. (Ii the case of dipalnitin 1 in 50 nolecules can
cause_disruption.) This'may have interesting mpucmoné for the |
modulation'f menbrane procésses, hich depend strorily on liptd con-
‘Figuration, dn that the addition of Lipta soluble compounds of substan-
Eially different etrictice could catse long range changes. at very low

concentrations.
BXOLOGIC;\L RELEVANCE 6!“ COMPOhNDS AFFECTING LIPID PHASE TRANSITIONS

"It 15 now generally accepted that most biological S —
extended regions of phospholipids arcanged in a-biiayer configuration, *
It has also been shown t;\at the ‘Lipid -'c'omponems of these membranes are
capable of undergoing a change 1i phase £rom the gel state to the liquid

‘crystal forn. These phase transitions are accompanied by changes in
such things as 1iptd mobility, diffusion properties and boynd water in -
teractions and therefore éompounds that can affect or induce lipid-phase
transitions would be of biologieal importance. Maqy such compounds have

. been Teported including proteins, metal :inns,‘ s:ero‘ids. 14bids,
nnaesihe:xcs and drugs. Desipranine is an antidepressant drug that has

been the éuh]ect of this. Hork
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M_en‘x events that occur 1i biological membranes, for example,

. transport processes or éniymé activity, have been shown to be related
to the physica% state of the membrane 1{pids. Therefore, the com-
pounds mentioned previously, 1nnlud1ng desipranine, ‘coyld play a
significan: Biolugical role if they were to interact with such men~
branes, aitecting the 1ipld components in such a way as o change the
local memhrane fluidity or induce varying degrees of phase separation.
DédAgvALRE Na besn Eoitd o Tover pidse transition temperaturés of
a'nuriber of 1ipid types with the extent of depression being dépendent
on the 1ipid head group. It -has ino Ghen chusrved ther inmived
1ipid systems the drug apgeate;.tu. preferentially interact with one

component, the lower melting co . Similar p dal 1 etd

Ki6& b6 GHASEUAIY Lok CBLERERFEL ThUTIASL 1 b1d ystess: (31Y. TH SdE
trast_to cholesterol, fovever, desipraminé. appeats to influence the

phase behaviour without substantial reduction in enthalpy and without
the aﬂs"nn .loss in coaper;hivi:y observed in the presence of choles-

terol.

SOME POSSIBLE MECHANISMS FOR.THE ACTION OF, DESIPRAMINE'IN LIPID BILAYERS

With respect to pure lipid bilayers at least three pt{ssible mech-.

antsms £or the -action of desipramine may be. consilderel
Fitstly, desipramine may interact at the phospholipid hedd group -
the nitrogen of the amino propyl group hydrogen bonding with the phos-

phate oxygens. As noted previously the ability of desipramine to lower

the transition Taturé is somewhaf dependent on the nature of the

head group. Therefore a larger head group, e.g., chaline may cause
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- some shielding of the ‘phosphate oxygens and thé effects oE dusizaiian
are lessened relative to an ethanolamine head group: Not only si;e but
head grous oridntation ndy also play a role in the sbility of desipra-
mine to interact with the lipid. It has been reported previausly (44)
_that PC head groups are oriented jerpendieplar to the plane of the bi-
layer vhereas: PE headgroups are arrangéd parallel or tangential to the
Btlayer. It 1s possible that the two NAmer.hylatéd dertvatives take
‘up intermediate orientatiens with respect o the bilayer and that the
effects of. the drig are.dependent on the particular ortentation w
volved In an artificial PE bilayer the zvitterionic head grows are
kept in close array by a dipolar interaction betwéen ‘the ethanulamina
amino, gtuup and the ddjacent phosphate ‘oxygen(s). I: 1s also known' (44)
thet 75 head grdups undergo motions which are only one-haif as mobile:
as those for corresponding PC's. Therefore i desipranine hydrogen
g _bonds to the oxygens of ‘the phosphace group, the dipolar 1nteractions L
¥ pheta adjacent PE's may be weakened or broken resulting in'a more .,
iii1a tiead group region vith a consequent drop in l:r,ansit_ion temperature . oS

. .Since PC's are more mobile the effects, of desipramine in lecithin

‘bildyers would not be as marked. With respect to the enthalpy changes
it is possible that'a drug-lipid:complex:could involve a structural,

% reozganizacian such that a gl‘eater (or in the case of DHEC, a 1esset)

‘ amount of energy is required to lnduce an order + disorder tranxitim\ ’

in the complex. This being the case Xt yould seem“that a desipramine- *
b :

ester Tipid would form a very stable complex relative to thé pure lipid
with the ether 1ipids forning a gomewhat less stable conplex. . ,
A Alternatively desip:emine may hydrogen bond at the head group or
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“glycerol backborie’ region (i.e.) éster or ether oxygens) with partial.,
‘penetration into the bilayer. There are; however, argaments against
this tjpe of iateraction. . The fluidity or mobility of th’e_' hydrocarbon
chains is greatest at the methyl terninus and decreases as you approach
Ehe backbone region (7). If desipranine were partially solubilized ’
‘in the hydrocarbon Tegion 1t would tend to, flutdize the chains.in the
gel sta:e with a-concomitant decrease in' the enthalpy as was shwn tu
be the cdse with cholesterol (23). Generally speaking this was not ob-.
served «(DHPC excepted). The absence of .a potential hydrogen bonding
“apachen Tentar casbpgL SEYEe) ANt ReEE P apparently of
Licele significance when comaring the Te shifts of desipramine. in

+ hoth ester-and ether liplds. Preliminary results from temperature

b ium;)‘ Experil;lents have indicated Little or.no diffezence in transition
. kinatics betveen pure liptd and 1ipid-drug sys:ems - .

As a third possibilicy that might be considered is that the drug*

| exerts its ‘effect on the Mpids by in some way altering the water
structure in the immedi’ate region of the bilayers. Desipranine is

" soluble in water and orgdnic solvents and its exclusion o vater in the
sys:ems under gudy may cause some struc:ura'l short range reorganization
t6 ackur in the water phase., This in tufn msy catse’a reorganization

.of the lipid order. § 1 changes associated,with a shobic

affect have been dlpcusaed previously (73). It is éuggéa:éd that vater
““molecules are ordered fnto networks forming cagelike cavities within
which non-polar ‘solutes may be enclosed”.. On the addition of water to
phospholipids, the temperature at which the phase transition occurs is .

lowered and it reaches a limiting value when the maximum concentration




“ogh=

of, bound water (20% for PC) is ‘achieved (23).

I an attenpt to shed futther Iight on this question preliminary
experiments have been attempted with the drug-lipid suspensions.to.see
1f any changes’_ln the enthalpy of the ice-water transition can be ;f—’

 fected by the presence of the drug. Differences have’ b‘een noted be-
tween the enthalpy of the water melt in the lipid-wate;‘dispersions in
comparison with the dispaxgx'anscumainug drug, but consistent re-’
/producible behaviour 'his not been established. Tie high sensitivity

Of the DSC-2 and the large heat capacify of water require that ex-
tremely small sémples be used, and''the problei of evaporation duting
handling is severe. Alternate ways of ei:a‘r!dning‘:his possibility using
partitioning et esr sin labels ot through pulsed mmr are being considered.
THE ACTION OF DESIPRAMINE ON MIXED LIPID sisrms

The interaction of desipramine with mixed liptd sysr.ems would be
consistent with a preferential interaction ‘of the drug with one of
the components. The action would appearto be such that the lover
melting of the two cmn{mnenn{ is prefezen:i‘auy shifted. The shifts .’
Of the Towsr WaLEing [Eoupbanta ate conststent -wich those _found 'far

" pure lipids. - For Example, desipramine luwers the To- fnr _pure DLPE hy
29° K- and in & 1:1 “bLeE/psek mixture che drug shifts the transition
temperature of DLPE by zs K.

* The effects -enthe enchalplea of the individual indiced or shifted
:rsnsxuons in ‘the mixed lipid systems are small, comsistent with the”
observatién of the effects of the drug on pure components, of the: same bi-
nary lipid mixture. This behatjout is different than that cbserved with
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pure single lipid systens vhere desipramine significantly rsises the

enthalpy in most cases (1.39-to 4.29 keal/mole phosphate), Table 4.

‘DM-DPPE shows a slightly lover increase (0.90 keal/mole, phosphate)

while DHPC shows a’decrease in enthalpy. It should be noted here that ..

" our enthalpy value for pure DPBC 1s lower'than that reported by Cater

et al. (8.5 keal vs 9.4 keal) but the enthalpy of DPPCidesipramine

(13D 1s higher (11.7 Keal vs 9.9 keal). -
Exact quantitation of enthalpies in mixed systems is more dif-

ficult than with single; pure componentsbecause of the difficulties

‘encountered - in mg(.etermlning :he exact points of departure of e, tracings :

frnm the baseline. With respect to the monotectics with solid, Balutians

we have'seen. the ability of désipramine fo induce phase separation (Fig.  »

6). This-type of béhaviour would tend to indicate a mef or only. a.

“ small amount of sulid Eulutiens in I:he two components. This would' in-

dicate the of two its. in the gel phase and

could be explained by a drug-11p1d conponent and a simple 1ipid com-
ponent. ‘Gooling thermograms of this mix are also bimodal ‘indicating r

that separation of the ‘twp components remains_in the liquid crystal

phase.’ It is also possible that the fornation of " separate vesic,les (a :
drug-lipid and a etople 1ipid) may account for the -observ!d r/eéult54 s
: ;\ ¥ . i 8y

POéSIﬂLE PHARMACOZ:GGICA[’, EFFECTS' OF DESIPWINE
As lnen(‘icned earlier (3, k 5),, the sctivlties of many memhrane L) . s

processes has Tiea shown to be related to the physical state of the .

Lipids in the membrane. In biological membranes many compounds T

iknown to affect lipid phase transitions (10, 31, 32, 34, 57) and in-

‘cluded among these 15 the anti drug, “The exact



. temperature without subsr..'mr.ial alteration uf the enthalpies. It

.
of imipramine (53), which is the dimethyl amino propyl analog of

- 68 - .

“ mode of action of thid dxug is as yet unknwn but it has been shown :o\

‘alter the phase l:harm:l:erisr.ics of many lipids. The selective Ln—

teraction of cholesterol with the more fluid 1ipid in'mixed lipld
systens has been observed and the effects on the lipid phase be-

haviour moted (31).  Cholesterol causes a drastic reduction in the

enthalpy of the phase transition without markedly affectingthe
transition :empe:a:ure'. Desipramine, nuwever, when interacted with:

single or mixed,}ipid systens causes a lowering of the ‘transition

would therefore appear that desipramine and cholesterol act via aten

feren[ n\echanisIns. Since chol 1 would be d to, solubilize

mainly in’ the hydrocathan chain,. destpranine vould appear to be

axarting fe¥ eEFcts Chifough Wose SOLt.of 1ipid head group interaction.

It 1s possible that. some of the pharmacological effects of

-3

desipramine may derive from its ability to alter membrame fluidity or

to induce phasé separation or both. Desipranine 16 kaowm ot to

2o,

act as a monoamine oxidase thibitor but to hlock the trﬂnspott nf

horadrenalin apparently by inhibiting the amine transport méchanism

" in the nedronal membrahe (51, 52). On the basis of the x-ray structure

desipramine, it has been suggested that such inhibition may occur By .

the binding of the dimethyl amino propyl side chain of imipramine.to the
n 2 : ; :

same sites as those occupied by the putative CNS neurotransmitters

* noradrenalin (NA) and 5-hydroxytryptamine (SH). ‘ Desipramine which has

a very sinilar side chain could be afticipated to act in a similar* .
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fashion. In addition to the terminal’amino group of-the sidel chain °

blocking the binding site ui:h-wh.tch the prin\ﬂry aminé portion of NA: ar'
SHT nom\slly interacts, the passibuuy of one’ of the fenzene. rings of . e

the tric)\clic nucleus blocking the binding site usually nccupied by |

the armatic ring of NA cunno; be tuled -out: (sz.) Simllarly a 1uger

pare of the tiieyelie systen may szectively block the binding'site of

N .
the 1ndole nucleus of 5HT. 7 2 . - ; ¥ .

-* 7 In the ahsence of any. speciﬂc bmding information and on the

. evldem:e noted above -for dependence on: :he physical state of liplds

. ofd ‘npmber of menbrane assoclaced. proue‘sses it may be FEasonable to\
"suggest zha:»che effects of deiipranine could be due 'to smﬁsr ef-
fects on 1apid Eluldtty or on phase separnl‘.ian. These could be

exerted gither ky changing the activation energy for transport or by

dlsrupting‘thn normal distrlbution or orientatinn of xecep:ux sites in
“’the membrane ‘for’ NA. e is'noted 1n this respect thar_ 8 numher of ‘local’

and’ inhalatian anaesl‘.he:ics have been found to a].cer fluidi:y in bid-

S . ; &
Togical and nr:ificlal memhranes (48 55 56,57, 74, 75). .
F o Althnugh large anounts of ,drug hzwe been used in these studlea

to mnxtmize the observed effccts it is,

oted that ‘desipranine con-

s centrations as lw as 2 mole X can ulter the phase :nmeitions of

" pPEC (m. Wnile mdst drugs’ dppear to be metabolized by detuxifylng

%
‘enizyiés in the 1ivet with subsequent excretion of substantigl amounts

“ . of the metabolites, it is of - cnnsiderﬂble im’.erest that in the case of

st idbstesasn prolonged .adni n is y to achieve: the

- _ desited therapeutic effect (58). It has. afso’been observed that the

“ 7 e
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B on of anti over a period of time (4 — 8 weeks) .
o is employed when measuring the effbets of these -drugs on the response = . ',

© - y
. to NA of the cyclic AMP génerating system in.braln tissue'(49). Ba-

8 ‘. cause of the possibilicy of selective accunulation of any drug in )
0.5 T. . specific tissues the exact a'an.c'ept'adap at the site of action'is '};pen_ ’
e o Vg ‘question. However, %c may'p; . the-case of .{é%i{:i—.-:_mine that enough L‘
5on tine 1s veuutEey 6 sueicinne sOeniEe e ‘the. d't’ug“i'n‘t'hél s T

FE D6 decrenatimenbeades to, Qeman;jn:1y ey ‘the’ 14pid structuré with con= .
- _sequent physiological cl}an‘ges. oL : e 5 &

| . : N ‘
- .7 . 2 - & ¥ o K -
: - 7- N & “ ’ ¢ - - 5 d o ; -
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* APPENDIX I° - 5 5 o B

For lh.t‘ply definad trlnli:inns invulvlng ltlndll’dl nr highly co-

. ¢ e apetlt{ve 1ipid sl-plel tHe (rnnsitlan temperature 15 de:enuned by

the point of 1nunectlon of & tangent to the leading edge of the
"transition and the ex:npolated baseline.. Sae arrow in tracing (a)

[ the same transition in the presence of delipramine the endo- - Ly

: lhen-ns often shoved an initial ungooperative shouldér prio¥ to a fuirly
;" " cooperative main mélt. The déterntnation of,the exact point of baselihe

departure for uncooperative endotherms is difffcult (23), and o to ob-

tain a ré 1e and Vative est of the drug-in shift;

"e's were peasured on the matn endstherd. See arrow in tractng (b).
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. | this study. Tk
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