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Abstract

The regulation of metabolic precesses in cells {(e.gq. active and
passive transport, enzymatic activity) is highly governed by the
ccmposition of the cell membrane usually composed as a bilayer of
phospholipids. Under physiological conditions the membrane is - at
least partially - in the liguid crystalline state. This is achieved
by biosynthesis of appropriate phosphelipids varying in the kind of
polar head-groups and in length and degree of saturation of the
hydrocarbon chains in dependence on the ambient temperature and

milieu.

Starting with pure phospholipids {PL} of synthetic and natural ori-
gin the thermodynamic states of physiological relevant PL's and PL-
mixtures and the thermotropic gel to liquid crystalline phase tran-
sition were investigated. From a combination of DVA and different
optical techniques statements are deduced about structure and orien-
tation of 1ipid molecules, microviscosity of the 1ipid bilayer, ca-

operativity of the phase transition, and permeability of the membrane.
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Introduction

Metabolic processes of the cel) are influenced by structural and
functional properties of the cell membrane. Thus, the prysical
compasition and the spatial arrangement of the membrane components
and their behaviour in respect to diffusion ard transport processes

to interactions with ions, proteins, and drugs are of high interest

The order-disorder or gel to liquid-crystalline phase transition

is one of the most important parameters for the physical investi-
qation of tipids. The temperature Tc of this transition - characte-
rized by melting of the 1ipid hydrocarbon chains - and the enthalipy
change AHC associated with it are special fecatures of phospho-
lipids, but al¥so lipopolysaccharides. It depends on several para-
meters - as for instance the pH-value, the concentration of certain
divalent ions and for bacteria the growth temperature, which has be
ohserved to influence the composition especially of the outer mem-
brane {consisting of phospholipids, proteins, and lipapolysacharide
rather than the cytnp]asﬁic membrang {consisting mainly of phaspho-

lipids) of E. coli in a strong manner f1-3/.

The present puper is ctoncerned with the order-disaorder transitian
of physiological relevant phosphalipids (PL}. Far this purpose pure
PL's and PL-mixtures of synthetic ard natural origin, namely phas-
phatidylchaline {PC}, phosphatidylethanaolamine {PL), and phosphati-
dylglycerol (PG}, being the main companents in many biolagical mem-
kranes, were inpvestigated. The zwitterionic character of PC's and
PE's are Jointly responsiblie for the enzymatic activity, as for
example for o -7,2- mennosidase /74/. Additionally, however, the

special characters of the poalar hezad groups give rise to differen-
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ces in their ability to catalyse enyymatic processes. PE's exhibit
great activizy vegarding the synthesis of bacterial lipopelysaccha-
rides {LI'§) whereas PC's are completely inactive /%/. Moregver, the
magnitude of activity depends on the kind of hydrocarbon chains,

i.e. length ard saturation degree.

In additien to these zwitterionic P_'s the negatively charged PG

was employec, playing a prominent rele in bacterisl membranes 76/,

The investigations were performed with different optical {(fluores-
cerice and fluoprescence polarisation)! and calorimetric technigues
with the aim of getting information about structure and orientation
of the 2L mclecules in the d{fTerent phases and of deriving para-
meters like state of prder, microviscosity, cooperativity of the

phase transition and permeability for dysas.

Materialts and methods

45 1ipid matzrial dimyristoyi-l-« -phasphatidylcholine (DMPC), dipa?
witoyl-L- a-phosphatidylcholine {OPPCL), distearoyl-L- e -phosphatidy}
choline {0SPC), dilauroyi-L- o -phosphatidylethanoiemine {(DLPE},
dipalmitoyt-L- a-phosphatidylethanolamine (DFPE), dipalmitoyl-L-a -
shosphatidylglycerol (DPPG), and the iipid L- o -cephalin {natural
shosphatidylethanolaminel from E. coli purchased from Sigma {Minchen
“.R.G.} in high purity (> 98%) were used without further purifica-
tion. The preparation of the 1ipid dispersians for gptical measure-
nents was done as described before /7/ with following excepfions:

In some cases the sonication time was varied, in other cases the

lipids were vortexed for 2 to 3 wminutes rather than sonicated.
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The celorimetric measurements were performed in a heat-tlow DTA de-
vice based on a microcalorimeter described earlier /8/. The inscru-
ment was calibrated with decanoic acid (TC = 31.3 vC, aHC = 27.7 kJJ),
dodecanoic acid (Tc = 42,7 °C, AHC = 36.6 kJ}, tetradecansic acid

(TC = 53.8 °C, aHC = 44,9 kJ), and hexadecanoic acid (TC = §2.6 °C,

a H. o= 55.2 kJ) as reference samples. The phase transition tempera-
ture and its enthalpy are determined by the midpoint of the erdotherm
peat and the avea of the endotherm, respectively. From this calibra-
tion 2 sensitivity of 0.1 md/s was deduced. Heating-rates were ad-
Jjusted tg 1 - 2 K mﬁn'], and each CTA run was repeated at least twice.
The sample pens were filled with 1 to 4 mg of lipid, being dissolved
in chloroform and evaporated in a nitrogen stream. The resulting films
were yortexed in 20 to 100 /u1 of water or of 10 mM Tris/100 mM NaCl
buffer, in some cases in phosphate buffer at different pH, and vor-
texing was usually perfomed at T > T . The reference pan was filled

with the same amount of the above fatty acids as well as with suitable

amounts of water for balancing the thermal capacity.

Far the measurement of fluorescence pglarisation the dye diphenylhexa-
triene (DPH) purchased from Fluka, Buchs,Switzerland, was used. From

the stock solution of 2 . 1073

M DPH in tetrahydrofurane 100 /“] were
mixed with 10 m]l water or with phosphate buffer a2t different sH and
vigorously stirred for 0.5 hour. For labelling of lipids, 2 mi DPH
solution was incubated with 100 ;”] lipid dispersion at T > T. far

45 min. The dye not bound to the 1ipid was removed in some cases by
gel filtration on a sephadex column G-75%. Steady-state fluorescence
intensities I, and I; were recorded on an Aminco-Bowman spectrophato-
fluorometer at an exciting wavg]ength of 360 nm and emission wavelength

of 425 nm in dependence or temperature at heating-rates of 3 - K min‘].
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As flugrophores for fluorescence measurements with non-polarized

light N-phenyinaphtylamine {NPK)} and anilonapntalensulfonat (AHS)
Dbfained from Fluka were used. NPN (excitation wavelength Aex: 360 nm,
emission wavelength A= 425 nm) was discolved in a methanalic salu-
tion (3 %) to give a final concentration of 1-10'5 M. ANS (AEX:SBO nm,
X em='4?0 nm) was dissalved in water to a final concentration of

1-107°

M. The Tabelling of the tipid dispersions was performed as
described for DPH with the only difference, that no i1ncubation was

necessary ar only for a short‘period of 5 to 10 min,

In some cases 90° light-scattering measurements 40¢ nm/4C0 nm with-

aut addition of fluorcphores were carried out.

Permeability measurements were performed with the dyes 6-carboxy-

fluorescin (6-CF, Fay = 490 nm, Aam = 520 nm) obtained from Sigma
and with hydroxyterephtalicacid (HTA , »_ = 314 nm, Ao - 425 nm)

synthesized in our laboratory /9/. In contrast to the other dyes
used, these fluorophores show a very high selfquenching and do not
bind to 1ipids. Therefore they are ‘extremely suitable far studying
their release from liposames or cells /10/. For the entrapment of
dye molecules in 1ipid vesicles a 1-10_4 dye solution inm phosphate
buffer (10 mM) was sonicated with the dried lipid film (~Img m1 ']
at 7 > Tc' The dye malecules not entrapped in vesicles were removed

by gel-filtration an a sephadex G-75 column.

Preparation of specimens for electron microscopy was as follows: The
1ipid suspensions were negatively staimed with 2 % aqueous solution
of potassiumphosphotungstate and placed on formvar-coated copper

grids. Specimens were examined in a Philips EM 301 operating at 80 kV
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and micrographs were obtained by standard procedures. Gas-chroma-
tographic amalysis of the fatty acids of natural cephalin was per-
formed on the Hewlett-Packard GC/MS device HP 5985, The cleavage
of the hydrocarben chains was done by acidic alkaline hydrolysis
and conversion to fatty acid methylestar by addition of diazome-

thane.

Mathematical treatment

Fluprometric and 90° lignht-scatterirg measurements were evaluiated
by either direct plotting or by taking the slope dl/dT of fluores~
cence intensity I versus temperature 7. MWoreover, the wvan't Heff

enthalpy of the phase transition,

sHo, =4 - R - "2

1
vH ¢ !

{

e 2
i

g = 172 (R gas censtant, T temperature

main transition, & wolar ratio melted to non-melted 1ipid) was
calculated from NPN curves as wel] as the itrue enthalpy cha1 from
calarimetric measurements. The expression f = AHva QHcai giving
the size of the cocperative unit (melecules) - was used as 2
measure af the ccoperativity of the phase transition /11/. The
value for ¢ approaches unity for vanishing and infinity fer high

caoperativity.

In OTA scans of mixed samples of 1ipids A and B with masses my, g

respectively, the enthalpy change wis caleculated according to
my aH, + mp AHB
ﬂHmix = and compared with tne measured

[
My + Mg

value ﬁHca?‘
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Measurements of fluorescence polarisation were evaluated according
tc newest available approximations essentially presented in /12-14/.

From the steady-state Perrin equatioen the fluorescence anisotrapy

(1) A ro, - vla, can be calculated from steady-state
C {(r} -7 -7

measurements via
po In- 12 .
Y B S ;

IH +2 - 1,

ro 1imiting value of r at infinite viscosity (r = 0.362 for DPH),
ree infinitely slew decaying ccmponent of fluorescence anisotropy
or residual fluorescence anisotropy for t —»ew, i.e. 1, = 0 for
an isotropic mediumy; C (r) parameter depending or molecular shape
and location of transition dipoles of rotating fluorophores; ¥
lifetime of excited state:; T absolute ternperatu\"e;qa microvisco-
sity of the 1ipid sensed by thre probe. Several investigations indi-
cate that the factor € (r} - T ¥ can be approximated by a value
of 2.4 P (poise) /15/. rgg is related to r by the empirical rela-
tion: Te = 4/3 - r - 0.1 for 0.13¢r% 0.28, for values beyond this

range T Can be taken from the plot in the paper of Blitterswijk

et at /13/.

An estimated value for the microviscoesity of the bulk Tlipid is

given by
(2) Q’= #1,/{1 - reg / T}, and the "true" microviscosity by

F =1 - re/r) ; . - .
(3) n -4 TT77 R (reo ’lroj with R = - D.5 in the case of non-isotropic

viscosity of the 1ipid .

y . pid (n »aq)
The values forlz andi were calculated and compared with approxima-
tions presented in Jiterature, especially with that of Shinitzky

and Barenhalz /15/
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n - 2P - isation =—— — I& }
(4) ﬂapp 0746 - P (p = polar1sat1on I” " IJ. ’

which results fromequation (1) neglecting rg

Furthermore, the "order parameter® SZ(DPH)= r,,frc and an estimatien
of its relative errorAS/S{%)~ 50-(1-2.5 r0)2 wereg determined. 1In
(3£J versus 1/T and d(ln{')/d(]/T) were plotted, the last giving
a peak which should be proportional to the heat of transition

according to Lentz /15/.

Results

In fig. 1. the NPN fluorescence intensity I425 of pure and mixed
vesicles prepared from DPPC, DPPG, and DPPE is plotted VErs5US

temperature T. DPPG exhibits a pretransitioh at T = 40 °C which
can be related to a structural transformation Lé—a P;. A corres-

ponding pretransitiaon appears for DPPC, but seems to be strongly

dependent on the details of preparation.

The graph for mixed DPPC/DPPG solutions shows that despite comman
sonication above Tc (DPPG), i.e. 60 °C, the fusion is incomplete.
During the experiments, DPPG behaved somehow ccnfusing with re-
spect to fluctuations of Tc' A more systematic investigation of
the DPPG phase transition yielded a strong dependence on pH as

illustrated in fig. 2.

In the protonated state a maximum TC of 54.5 °C can be observed
with a sharp rise of 1425 over a range of & °C, whereas in the

negatively-charged state the phase transition becomes broader
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Fig. 1: Fluorometric scans for pure and mixed phospholipid-
witer dispersions at pH = 6.5
1. DPPC:-OPPE 1:71, 2. DPRC:DEPG 1:1, 3. DPFG,
4. DPPL, &. BPPE

with a pretransition located at approx. 38 “C ard a main transition
st 44.5 *C. A further lowering of pH caused a flaking-ou®t of parti-
¢le aggregates making further observations impossible by cptical

techniques.

A phase separation even stronger than with DPPG-despite comman
sonication at T = 65 °C - can be diagnosed for the system DFPC:
DPPE (fig. 1}. This behaviour is in accordance with our observa-
tion that it was impossible to get closed vesicles from DFPE.
After sontcaticn of DPPE with 6-CF‘or HTA the attempt of segre-

gating free dye molecules from the 1ipid by gel filtratian failed,
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NPN - fluorescence intensily 1;p5 Zarb. units

T T Y
20 30 40 50 60
Tempergture T./°C
Fig. 2: Fluoremetric scars for the DPPG-water system
1. p = 11, 2. pH =7, 3. pH = §, 4, pH = 4

at neutral or acidic pF only ane photometer peak appeared which
could be assigned te pure dye. In some experiments at pH)» 7 two
peaks - one assigned fc 1ipid and the othar ta dye - were ob-
servad, but in n¢ case the fiverometric measurement resulted in
an increasing release of dye molecules above the phase transi-
tion temperature T _. Electror micregraphs of DPPE suspensions
{fig. 3a, b) show - in the case of the arpearance aof only one
photometer peak after gel filtration-amorphous and structureless
configuretions. However, in cases where a 1ipid peak was observed
after gel filtration spherical structures can be stated, indica-

ting a somehow ordered - lammelar or crystalline - but not vesi-
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cylar structure and beimng in accordance with the measurement of
the DPPE phase transition using other techniques as presented in

fig. 4,

Measurements of the release of 6-CF and HTA from vesicles were
also perfomed with BPPC, DNPC, DPPG and DLPE. Only for the leci-
thins a steep increase of dye fluorescence intensity was observed
when passing T {withcut figure;. From this it can be concluded
that also the nature of the polar head groups of phospholipid
motecules plays an important rcle fcr the gecmetrical arrange-

ment in membranes.

Furtser experiments with NPN-labelled mixed lipids from DLPE and
DPPEC or DPPE showed that the system D.PE:DPPE exhibits a very
brpad transition over & range of apprex. 30 "C {fig, 5) even
after common sonicatiom at 65 "C indicating the zppearance of
phase separation. In centrast, the system DLPE:NRPPC seehs to be
mpre miscible over a wide concentration range 2s illustrated in

fig. 5, demonstrating that beside the dependence on the polar head

graup there is alse a dependence on the hydrecarbon chain length.

The investigaticons of mixed suspensions of BPPC and netural L-e -
phosphatidylethanolamine {cephalin] yielded a nearly ccmpliete mis-
cinitity after dincubation at T = 45 *C. &s demonstrated tn fig. §,
at increasing concentrations of cephalin the transition becomes
broader and lecss pronounced apparently due to the fact that the
hydrocarben meiety of matural cephslin 95 a mixture of chains of
different length and degree of saturation. This assumption was con-

firmed. by gas-chromatographic analysis, which resulted in the follo
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rig: 3%

Electron micrographs for DPPE preparations stained wi-
? % potassium phosphotungstate

@) efter standard preparation
bl

as in a} but additionally gel-filtrated
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Fig, 3. Fluoremetric scers af mixed phospholipid-waterdispersions
}. DLPE:DPPE 1:1, 2. DLPE:DPPC
a. separate a. 1:5% c. 5:1
b

common scnicetion b, 3% d. i:0



84

wing distribution of fatty acids: [ 16:0 {relative intensity 1
¢is-8,10-methylen-C 16 {G.53) ang cis-10,11-methylen-g 18 {9.16
and € 14:0 (C.013).

sorh. units
Wk

T 1 T T v

10 20 30 40 50
Temperaoture T/°C

NPN - fluorescence intensity leos

<

o

Fig. 8: Fluorogmetric scans of the DPPC:cephalin-water syster

1. a4:1, 2. 111, 3. 27, 4. 3:1%

In fig. 7 dI/dT fcr yarious sampies i plotted wversus T Yeading
g P

a more appropriate representation of the peak lacus.

The results from the DTA measurements for pure and mixed PL's a)
illustrated in figures 8 and 9 a. For DPPG (fig. &) at pH - 7, ¢
Torimetric scans show a pretransitior similar to that observed -
optical measurements (fig.2)}. At Tower pH a broadenimg or a sph
ting af endotherms is observed. At pH = 1 the heat of transitio

decreases dramatically indicating a destruction af molecuiar or¢



First derivative of the fluorescence intensity d!/dT

50
Temperature T/°C

Slopes d1/d7 of the fluorescence intensity versus T
for various phospholipids

v, Cephalin, TC = 16.3 °C

2. DPPC:cephalin 2:7, T = 32.8 °(
3. DPPC, TC = 42.2 °C

4. DPPG, Tp = 38.3 °C, 7, = 50.1 °C
5. DSPC, T_ = 52.5 °C

&. OPPE, T, = 62.8 °C
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Fig. 8: DFA scans for the DPPG-water system

1. pH=1 Z. pH=3 3. pH=4 4. pH=6.5

OUTA scans of DPPC.DPPG mixtures (without figure} show restricted
miscibility even after repeated heating similar ta the results fre

HFPN-fluorescence measurements.

For the synthetic cephzaiin DLPE the DTA scans exhibit in the cases
in which the aquecus suspensions were voriexed at room temperature
{fig. 9 a} during the first run a sharp endotherm at Tc2 = 4§ °C.
A lowering of TCE end a splitting of the endotherm as well as a
decrease in the heat of transition cccurs during the Znd run. A
corresponding phenomencon was observed when the Yipid suspension we
vortexed at T» 39 °C. During the 3rd and further scans a phase tr:
sition at T q2 30.5 *C occurs with a maximum value for the enthalg

of 14.3 kd Mole~ 1,



Endotherm dE /df
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Fig. 9 a: BTA scans for the DLPE-water system prepared at
T T room temperaturc

. 1st acan, =54.5 ki Z. Znd scan, H,{right peak)-
165 k3, ie»lt peak)= 12.2 ki, 3. 3re stan,” H,i16.3 ki

20 w0 60
Temperature T/°C

NPN- fluprescence intensity (425 7 arb. units

Fig. 9 b: Fluorometric scans of the DLPF-water systen

1. water content 94%, 1st scan, 2. water content 94%, 2nd scan
3. water content 95.%%
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Fluoromatric scans of DLPE with NPN in no case revealed the calort
metrically abserved trarsition at 45 °{ when the lipid was prepare
as described in Methods, i.e. with a water content of 99.9 %. Sint
in typical DTA measurements the water content is as low as B0 % th
preparation technique was modified by raising the lipid concentra-
tion as far as possible. The result is demonstrated in fig. 9 b
for a 1ipid coentent of 6 %, showing a pronounced phase transition
at 46 °C with extremely high cooperativity. The well-known phase
transition can be observed as well as a pretransiticn at approx.

T =20 °C, Consecutive fluorometric scans %ted to the disappearanc

P
of the peak at 46 °C as already cobserved with the DTA measurements

For DPPE, at concentrations 310 to 40 mg/m} at pH» 10 & broad endo-

therm couid be measured reproducibly, but with an enthalpy of as

low as 14.7 ki Mc]e-l. Only when the concentration was reduced dra

stically to values lower than .5 mg/ml, an entnalpy change ofch

-1

33.% kJ Mole was measured heing comparable to literature data

[Mantsch et al /16/ and Wiikinson and Wagle /37/: 8.8 kcal Mole !=

6.8 kJ Mole ', Blume /117: 8.2 kcal Mole ) = 34.3 kd Male ~ 1)

*

In table 1 the transition temperatures Tp and TC and the respective
heats ¢f transitiaon AHp, AHC for some PL's and PL-mixtures are
listed and compared with data from literature. Moreaver, the van't
Hoff enthalpy;;HvH pbtained from APN-measurements and the size of
the cooperative unitj.are listed, The vaiuesj are comparable for
DPPC and OPPG, onty the i—va1ue for DPPG at lTow pH indicates sig-

nificantly higher cooperativity for this compound in the protona-

ted state. Higher § -values also are observed for PE's, the compoun
9



84

with the shorter hydrucarbon chain leangth (DLPE} exhibiting a still

kigher copperativity of the phase transition at 30 °C as well as

at 45

Tab.

€ than DPPE.

tompourd 'rp,.f"cmpxw T /"CAH /KT AR kT s Remsrk/reference

DFPC 3.2 7.9 42,3 37.1 293.6 8.7 Pretracsition de-
perdent on prepa-
ration tachnigue

DOFFC 7 .02 42.4 32,2 - - f2F 1978

DPPC 41,2 36,4 - ~  Jef 1982

DPPC 41.2 35,2 - -~ f19f 197

DPEC 37,7 - - /f2a/ 1984

BPFG 39,5 A &3,7  3T.&  268.3 Tl pH = £,5 ta #1

DFPG I35 2.1 4,0 33.1 - ~ [R5 1975

DFPT 43,5 4.4 575.9 9.3 pH = 4

DLPE 46,5 54,5 12101 26,4 Crystalline phase,
1*% ggan

DLPE 30.3 .3 342.8 24,0 Fhase PH

DLPE 0.5 14,7 - - 77 19

DFPFE 64,2 (14,7} €22,0 (42,3} Incosplste Py
20 to 30 mgfal

DFPE 63.8 33,8 622.0 18.6 £0.5 mgfaml

DPPE £3.1 36.8 - - 17/ 1581

CLPE:DFPC

Ta 2 1 H.2 171 - - AH = 251 W’

DLPE: DFPC

0.6 1 1 37,5 34,7 - - Ay .= 306 kI

1: Pre- and main transition temperatures Tp and TC

and the respective enthalpy changesAHp andQHC,

van't

Hof? enthalpy aH, , and the resulting co-
operativity 3 of the phase transiticon as compared
to literature data
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In fig. 10 the courses of fluarescence pclarisation P versys T
are shown for DMPC, GBPPC, DPPG, DLPE, DPPE and a mixture DPPC:
cephalin 2:1. Attempts of meesuring the phase transiticon of pure
cephalin by labelling with OPH failed possibly due ta the heterc

genity of the acyl chains.

Ffg. 11 gives a plot aof h1i versus 1/7 and figures 12 a and 12
the slopes d{lni&appndwﬂ and of d{ing )/d(1/T), respectively
versus T. The comparison aof these graphs (fig. 12 a and b} shows
that for DPPC the pretransition at Tp~'33.5 “C is very distinct
theﬁ%& but only weak in thefq;pp~presentati0n. Similarly, the re

tive plot of ﬁ for a mixture of DPPC.cephalin 2:1 exhibits a

app
broad transition at TC = AG.2 °C, whereas that ofi'ﬁndicates twa
different transitions, one initiated by a mnré cephalin-containt
domain with & value of Tc] = 27.9 °C and anather by a mainly OPP
containing domain with a va]ue of TCz = 3%.5 °C. It is noteworth,
that this domain formation could neither be seen from the depend

ef P and r on T nor from these of d{inq 1/d(1/T) and d(lnffzapp

d{1/T) on T when evaluating the same measurements.

The assumption of Lentz {cited in /15/) that the plot of d(1nai¥
d(1/T) versus T should give peaks with areas propartional to the
enthalpies ¢f the phase transitions, could not be canfirmed. Usi
the uncorrected value i&pp' the evatuyation shows toa high values
for DLPE when compared with calorimetric data. This holds true f:
the corrected microviscosities#, too. Also, in this case the va
for DPPE is much Tower than for DPPC and DOPPG and corresponds to
own OTA measurements of the DPPFE transition from the incomplete

¥

Pa-phase to Lg lsee tab. 1).
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Fig. 10: Scans of the fiuorescence polarisation P for

various phospholipid-water systems
1. DMPC, 2. DPPC:cephalin 2:%, 3. ODLPE,
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Fig. 11: Plots of 1ni versus 1/T for various phasphalipid-
water systems, The standard deviation of the measure-
ment is indicated by the error bar in graph 6,
1. DMPC, 2. OPPL:cephalin 2:1, 3, [DLPE, 4. DPPC,
5. DPPG, 6. DPPE
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[n tab. Z the parameters v, & (taS8), iapp’ J-f_ and-l'i are listed

‘or some values of T below and above the respective phase tran-
iition temperature Te &8s calculated from eguations [2) to {4).
falues for anisetropies r are similar for OCPPC and DPPE but re-

luced for DPPG  and DLPE, the order mrameter § as well as thea

83
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approximations and#) show a decrease in the seguence OPPC—s
p app eq

DPPE— DPPG—> DLPE. In contrast to this the values forﬁ lie

much closer together, i.2a. the ratio of’i -values below and above

TC is only 1.5 to 3, whereas the respective ratios Forq app and q
are in the range 4 to 16. Striking is the similarity for DLPE
and DPPE with respect to ﬁ whereas the respective ratios for

]
qappandvq show great differences for these compounds,
Kicroviscosities/ o a
Cempound /% s AS poiee , _ Tp/ C Tc/ c

fapp 4 A

16 0,33 0.95 0,01 25.9 27,7 3.55
22 0.30 0,50 0.03 11,8 12,5 1,43
28 0,21 0,70 0,08 3,2 3,1 0,90 %3 245
3% 0,17 0.58 0.0 2.0 1.9 0,75

32 0.32 0,93 0,08 18,0 18,4 2,30

36 0,31 0,91 0,06 12,8 131 185 g5, 400
DFPC 42 p.23 0,75 0.05 4,2 4.3 1.02

48 0,12 0.40 0,04 1,1 1,2 0.70

42 0,26 0,83 0,06 6.4 6.5 1,03

DEEG 49 0.25 0.817 0.04 5.5 5.6 1.05 55,1
54 0,14 0,48 0,05 1.4 1.5 0,76
60 0.08 0,26 0,02 0,6 0,7 0,48
18 0,20 0,69 0,08 3.1 3.1 0.94

DLPE 24 0.21 Q0,71 0,08 3.3 3.3 0.96 33,4
30 0.19 0.64 0,09 2,5 2.5 0.89
35 0.09 0.3 0,09 Q.8 0.6 0,82
52 0.30 0.91 0.03 11,5 11,7 0.99

DPBE 58 0.31 0.92 0.02 13.9 14,7 1.06 64.5
64 0,25 0,79 0,05 5.0 5.4 1.05
7C 0.13 0.47 0,05 1,4 1,4 0.75
28 0,29 0,88 0,03 9,8 10.0 1,79

DPPC ; ce~ 32 0.26 0.83 0.05 6.2 6,% 1.04 27.9
3% 0.20 0,66 0,08 2,8 2.8 0,92 and 39.5

halin 2:1 - .

P 4Q 0,10 0.32 0.08 0.9 ¢,9 0,65

Tab. 2: Anlisotrofy r,order parameter S, approximations :Lapp
i s and.q for microviscoesities at different temperatures
T and phase transition temperatures T_ and TC from measure-
ments of polarized Tight intensities I., I, with DPH



In table 3 some values from literature for microviscosities at
diffarent temperatures for the same or similar phaspholipids are

compared with aur vesults.

Compound Micravigcos!.tles_f patse Remark/refevence

flos My Ao fss

Mixture of

Not fneluding Ly
phosphoiipigs 1.8 0.7 /21 1976
PC from egg
yolk 0.9% /i) 1974
Egg yolk FC:
chaleaterol Including rag
T 0.2 1,59 /12 1979
1 0.5 2.23
Lupine phosgpho- Not includlng rag
lipide 1.23 f2uf 19e2
DFPZ 9.4 3.9 [+ =L Hot including T,
{45 %) perylen as probe
/23 1973
DPPC 12 ToE 1.0 Not Including Tag,
{62 °c) epparant microvieco-
slty
faz2l 1978
DPPC 102 1,50 0.Ea ~
CFPO - 0.9% 1.05  C,48 :
Own dete
DLPE Q.94 0.5% - -
DFFE - - 0.98 .75

Tab. 3: Microviscosities# of various phospholipids with DPH
as grecbe {Cogan et al /23/: Peryien) for 25, 37, 50
and 65 °C as compared to Yiterature data
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Discussian

For DPPG a discrepancy between DTA- and NPN-fluorescence measure-
ments {fig. 2 and 8) is observed: whereas the fluorescence measure-
ments clearly show an increase of TC already at pH€ 7, the calori-
metric data indicate the beginning of the shift for pH€ 4. The in-
crease of the phase transition temperature can be explained as an
induction aof a closer bound between molecules via decreasing re-
pulsive forces by the protonation of the negatively-charged PG head
group. In DTA measurements the water of buffer content of the 1ipid
dispersions is approximately 80 %, in typical optical measurements,
however, as high as 99.9 %.The ratio of lipid molecules to protanated
water molecules can be estimated to be unity at pH = 2 for calori-
metric and at pH = 4 for optical samples, thus the difference can

he understood readily.

The results for DPPG agree with those of Watts et al /25/ with re-
spect to the appearance of the pretransition only in the negatively-
charged state, but slightly deviate from them as for the location of
Tc' Watts et al observed by means of the ESR spin-probe TEMPO a tran-
sition in fully protonated state {(pH = 2) at 54 °C, in the negative-
ly-charged state (pH>» 4) at approximately 40 °C. As an explanation

a disturbance of the phospholipid structure by the spin-probe - as

atready measured for other phospholipid Tabels - can be assumed to

cause a shift in Tc’ which can be excluded for calorimetric scans.

The surprising but strongly reproducible behaviour of DLPE in the
DTA experiments can be supposed to arise from a crystalline phase

with a transition to the known liquid crystalline state at approx.
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45 “C., The existence of this phase, which disappears when repeating
calorimetric or optical scans, has been described in recent publi-
catians during preparation of this paper by Chang and Epand /26/
and Mantsch et al /16/. Mantsch et al obtained a value of 13.3

1

kcal Mole ' {55.7 ki Mo]e-]} at pH = 7 for the enthalpy change

being in much better agreement with our value of 54.5 kJ Mole ™

at pH = 6.5 than with those of Chang and Epand (10.0 kcal M01e_]

at pH = 5.5 and 12.0 kcal Mole !

at pH 9.5). In the cited papers
the crystalline phase of DLPE is assigned to a single crystal-
structure, which may be stable even in the presence of excess
water. The phase transitian at nearly 45 °C then corresponds to

both a hydration of the polar head-group and a melting of the acyl

chains.

These results are in accordance with our observations regarding

the strong dependence of the phase transitjon on the préparation
technique. Preparing the lipid suspernsions at higher temperatures
(T»30 °C) causes at Jeast a partial hydration of the DLPE head-
groups and an appearance of both transitions. Moreover, our measure-
ments at higher water content (99.9 %) indicate that the c¢rystalline
phase - resulting from the close packing of the DLFE molecules -
cannot develop in the presence of high excess water even when pre-
paring the tipid sample very carefully at room temperature or Tawer.

Regarding the phase transitian PB —> Lg at approx. 30 °C, our re-

1

sul‘tAHc = 14.3 kJ Mgle ' agrees well with those of Wilkinsan and

Nagle /17/ (14.6 kJ Mo]e-]] and Mantsch et al (3.5 kcal Male ) =

14.65 kJ Male ).

For PE's until now a pretransition has been abserved only for

distearpyl-PE, but far below the main transition (TC (DSPE)=80 °C,



98

Tp between 5 and 20 “C according ta /27/¥, and for dihexadecyl-pPE
in the protonated state at pHX> 13, accompapied hy the appearance

of a “ripple” structure /287.

The fact that the DLPE transition at 20 “C was only observed at
a water content of 44 % verifies the statement of Sackmann /29/
that uvpon addition af water to PL rather longlived metastable struc-
tures - depending an the water concentraticen - may be formed, which
are not thermodynamically stable. However, whether the transition

2 L)

observed at 20 °C corresponds to the pretransitian Ly — Pﬁ s2en

for example in PL's cannet be answered now.

The strange behaviour of DFPE in nearly all kinds of measurements
is backed by observations of Singer /3C/ who also was hot success-
ful in prepavimrg closed vesicles from DPFE. As Fringeli 731/ sta-
ted, DPPE tends tc form microcrystals when spread from a chlaro-
form solution over a subsirate. Similarly, Seddon et al 732/ in-
vestigated the transition of diacyi-PEL's from the bflayer to the
inverted hexagonal-phase [Lg » HII,’ which takes place at tempe-
ratures decreasing with increasing chain Tength. Qur resuits indi-
cate that - similar to DLPE - the lipid:water ratio is of uppermost
importance regarding the phase behaviour of DPPE. Moreover, the
differences between the results for DLPL and DPPL show that the
comppsiticn of the hydrocarben chains in biomembranes cannot be

a2 free variable but must rather meet Lhe geometrical requirements

of the membrane of the 1iving cell.

The inyestigations of mixed phespholipids demenstrate that the ten-

dency of phase separation is gquite distinct for mixtures with the
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same hydrocarbon moiety, i.e. dipaimitoyl, but different head-
groups {PC, PE, PG). In contrast teo this, domain bujlding seems

to be much lower for mixtures of DPPC with DLPE and cephalin,

From these and similar results - taking into account also those

af Singer /33/ who investigated mixed preparations of saturated
PE's and PC's by light absorbance at 450 nm and permeability de-
termination - it can be concluded that the geometrical arrange-
ment in biomembranes is strongly dependent on the nature of the
head-groups as well as the length and saturation degree of the
hydrocarbon chains. This agrees also with results in previous
papers, in which this strong influence of chain length {PC's/34/)
and of the nature of the head-groups by slight modifications of
PE's /35/ has been discussed. Regarding the fact that biomembranes
are responsible for the permeability of the cell for many substan-
ces, the intimate study of the behaviour of single membrane com-
ponents with the aim of reconstituting biomembranes still is of

great importance.

The evaluation of the results of microviscosity measurements led

to large differences in the values for ﬁapp and ﬁ'nn the one hand.
between DLPE and DPPE and on the other hand between DPPC and DPPG,
indicating that the introduction of reg as well as the application

of the empirical relation between rg and v (see Methods) presen-

ted in this paper to obtain the "true" viscosity seem to be necessary
for getting reasonable values fori . This statement is confirmed by
the comparison with the few existing literature data and by the fact
that the pretransitions of DMPC and DPPC as well as a domain building
in a DPPC:cephalin mixture (see tab. 2) could only be observed when

applying the corrected value ofji.
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Remarkable are the low differences of the arder parameter 5 and
especially the “true" microviscosityﬁ above and below TC far the
PE's in cdntrast to the PC’s and to DPPG. Although the phase tran-
sition enthalpies a Hc are comparable and - in a first approxima-
tion - independent of the kind of the polar head-group {(compare
Tab, 1), the strong interaction of the tightly packed PE head-
groups apparently prevents the 1ipid from building vesicles Jea-
ding to an enhancement of the mean interchain distances and to
lower microviscosities as compared to PC's and PG's. These state-
ments are supported by the fact that the hydrecarbon cross section
of DLPE (0.193 an} and DPPE (0.195 an] are slightly Targer than
that of DMPL (0.190 nmz)/36-37/ despite the smaller cross-section

of the PE-head-groups.
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