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Using -'!t- and .~1 P-NMR tcclmiques the clTccts ot" temperature variation and phenethyl alcohol addition wcrc invcstigatcd o n  

lipid acvl ch'fin ~v,'dcr and on the n:::c:'~:~c,,~pic lipid ~r.eanization of membrane systems derived I'ronl, cells of the h s:'herichia ¢'oli 
f~tty acid auxotrophic strain K 1059, which was grown in the prcsence ot'[i i. 1 I-2 H 2]°leic acid. Mcm~rancs of intact cciis showed 
a gel t(~ liquid-crystalline phase transition in the range of 4-2(1°C, which was similar In that observed fl~r lh¢ total lipid extract 
and fl~r the dominant lipid species phc~sphatidylcthanolamine (PE). Phosphatidyiglyccrol (PG) remaincd in a fluid bilaycr 
throughout the whole temperature range (4-70°C). At 3(1°C acyi chain order was highest in PE, fl)llowcd by the total lipid 
extract, PG, intact ceils, and isolated inner membr;me vesicles. Acyl chain order in E co/i PE and PG was much higher th;m it, 
the corresponding diolec~ylphosplmlipids. E. coli PI E was found to maintain a bilaycr organization up to about 6{)°C, whereas m 
the total lipid extract as well as in intact E. coli cells bilayer destabilization occurred already at about 42°C. it is propo:ied llmt 
the regulation of temperature at which tht: bihlyer-to-non-bilayer transition occurs may hc important li)r membranc I'unt.tk~nmg 
in E. c'oli. Addition of phenethy] alcohol did not ~ffcct the macroscopic lipid organization in E. coli cells or in thc total lipid 
extract, but caused a large reduction in chain order of about 711r~, at I molr,~, of the alcohol in bc~th membrane systems, it is 
ccmcludcd that while both increasing temperature and addition of phcnethyl alct)hol can affect membrane intcgrity, in the fl)rmcr 
case this is due to the induction of non-bilayer lipid structures, whcrc~as in thc latter case this is caused by an increase in 
membrane fluidity. 

Introduction 

Membranes o~. Eschcrichia coli cells hav,: a rcla- 
tivcly simple phospholipid composition, which, can eas- 
ily bc modified by making use of mutant strains (for 
review, see Ref. I). Therctorc, they arc particularly 
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suitable for investigation of biophysical properties of 
membranes in relation to membrane functioning. Stud- 
ies using fatty acid auxotrophic mutant strains to alter 
the lipid acyl chain composition have shown that a 
number of functional membrane f~roccsses is sensitive 
to the physical state of the lipids [1-5]. One example is 
translocation of proteins across membranes, which is 
inhibited when the lipids are in a more ordered state 
[4,5]. 

in intact E. coli cells membanc fluidity cat: be 
varied among other factors by changes in temperature 
[4,5] or by addition (~f drugs [6], such as phencthyl 
alcohol (PEA), which increases lipid fluidity and de- 
creases lipid chain order [7,8]. In both cases membranc 
functioning is severely affected, as illustrated by the 
observation that exposure of cells to el(:vated tempera- 
tures as well as PEA addition results in translocation 
across the membrane of proteins that normally are not 
tran'Jocated [6,9]. This suggests that membrane in- 
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tegrity is affected by changes in lipid packing as a 
result of an increased fluidity. However, an alternative 
possibility is that these effects are caused by an in- 
creased tendency to form non-bilayer lipid structures. 
E. coil membranes are abundant in phosphatidyl- 
ethanolamine (PE), which is a lipid that prefers organi- 
zation in inverted (type 11) non-bilayer structures 
[10,1 i]. These structures are believed to be involved as 
intermediates in functional membrane processes [ 1 !, 12] 
and have been implied to play a role in protein-translo- 
cation [13]. Like membrane fluidity also the tendency 
to form non-bilayer lipid structures is generally en- 
hanced by increasing temperature till, Ill and is pro- 
moted by PEA addition [14]. 

While previously some a',tcntion has becn t'ocussed 
upon lipid phase behaviour in E. coli systems [15-19], 
no consistent picture has emerged from these studies. 
The aim of the present study is to ch~racterizc lipid 
acyl chain order as well as polymorphic phase be- 
haviour in If. coil cells and derived membrane systems. 
On one hand, this may serve as a basis for future 
experiments of which thc objcctivcs arc to relatc acyi 
chain order directly to functional mcmbranc proccsscs 
such as protein-transiocat|on and on thc other hand, it 
may lead to a further insight into the possible involvc- 
mcnt of non-bilayer lipid structures m thcsc proccsscs. 
As a first step wc investigated here the effccts of 
temperature variation and phcnethyl alcohol addition 
on lipid packing and macroscopic lipid organization in 
several E. coil derived membrane systems, including 
intact cells, inner mcmbrat~e vesicles, total lipid ex- 
tracts and isolated lipid classes, by using 'H- and 
• ~P-NMR techniques. Membranes containing 'H- 
labelled iipids were obtained by making use of an 
unsaturated fatty acid auxotrophic mutant of 1:2 ¢oli, 
grown in the presence of deuterium-labelled oleic acid. 
The localization of the "H label in oleic acid was 
chosen at the I I-position next to the carbon double 
Ixmd, because at this position the deuterons in the 
lipid are motionaily equivalent and give rise t,.~ a rela- 
tively small quadru~iar  splitting (dt%) [~)1, thereby 
optimizing the signal-to-noise ratio in the :H-NMR 
measurements. 

The results will be discussed in the light of the 
importance o! lipid fluidity and polymorphic phase 
behaviour for membrane functioning in E. ogi. 

Materials and Methods 

Materials 
Deuterated oleic acid ([l l , l l- :Hz]oleic acid) was 

synthesized as described by Farren et al. [21] with 
modifications according to Chupin et ai. [20]. 1,2- 
[ 1 I, I I- z H 2 ]D ioleoyl-sn-glycero-3-phosphoglycerol 
(DGPG) and 1,2-[i 1,1 l--'H,]dioleoyl-sn-glycero-3- 
phosphoethanolamine (DOPE)were prepared by phos- 

pholipase D-mediated headgroup exchange [22] from 
the corresponding phosphatidylcholine, which was ob- 
tained by coupling of [ l l,l l-" H 2]oleic acid to glyc- 
erophosphocholine according to standard methods [23]. 
Unlabelled phospholipids wcrc obtained according to 
the same standard procedures [22,23]. Deuterium-de- 
pleted water was obtained from Sigma (St. Louis, MO). 
Phenethyl alcohol (2-phenylethanol)was from Merck 
(Darmstadt, FRG). All other chemicals were of analyti- 
cal grade. 

• Dt  Preparatum o[ E. coff ctds 
The double mutant If. coli strain K!()59, which is 

unable to synthesize or degrade unsaturated !kztty acids 
[24] was a kind gift of Dr. P. Overath. Cells were grown 
at 37°C in Cohen-Rickenbcrg (CR) mineral salts 
medium [25], supplemented with I).SCh ~ (V/V) glycerol, 
1).3'~, (w/ t t  casamino acids, I).2U,, (v/v) Brij-35 and 
0.01% (v/v) [I !,1 l--'H2]oleic acid. Cells were grown 
till the late logarithmic phase after which they were 
chilled on ice and Imlwested by low-speed centrifuga- 
tion. The pellets (approx. 2.3 g wet wt./I culture) were 
washed twice with an ice-cold I).9% (w/v) NaCI solu- 
tion and stored at -2~t}°C after rapid h'eezing in liquid 
nitrogen. 

For NMR mea.';urcments the pellets were sus- 
pcl~dcd in ice-cold deuterium-depicted buffer ( 1(10 mM 
NaCI, I(I mM Pipe. at pH 7.4) in amounts of 2 ml 
buffer per gram of .:~cllet. Samples containing 2 g of 
wet cells were incubatcd for 10 rain on ice to allow 
D-H exchange and centrifuged for 10 rain at 12000 × g 
a~. -~ a, iilt~ pellets were washcd once with the same 
buffer ,:,.! transferred to a 1(1 mm NMR tube. The 
samples ~, rc equilibrated tbr 15 minutes at the dc- 
drcd tempe aturc before spectra were accumulated. 

P:'epara'/,m of inrerted inner membrane t't:~'k'h's 
h,~erted inner membrane vesicles were prepared as 

described by De Vrije et al. [26]. by passing the E. coil 
suspensions through a French press at 8000 psi and 
isolating the inner and outer membrane fractions on a 
sucrose gradient. Pelleted inner membrane fractions of 
a total of 4 litres culture were washed once in 2 ml 
deuterium-depleted buffer (1()() mM NaCI, 10 mM 
Pipes at pH 7.4), after which they were taken up in ! 
ml of this same buffer and transferred to NMR tubes. 

Isolation of  total iipM exmwts and purificm!:,, of  lipMs 
Total pht~sph, fiipid extracts of !~ roll cells and 

inner membrane ve:+iclcs were isolated by an extraction 
according to Bligh and Dyer [27] and purified by chro- 
matography on a silica ,n.., ...... :, • , ,+,,ys,,.-- 63-100 ram) column. 
The column was first eluted with chloroform to remove 
neutral lipids and next phospholipid:; were eluted with 
chloroform/methanol (1: 1, v/v). The phosphate con- 
tert of the total lipid extracts was determined accord- 



ing to Rouser et al. [28]. Typically, about 15-21) mg of 
phospholipid was recovered per litre of culture. 

E. colt phosphatidylethanolaminc (PE) and 
phosphatidylglycerol (PG) were purified from the total 
lipid extract on a silica column (Polygosil 63-100 ttm) 
with c h l o r o f o r m /  m e t h a n o l / w a t e r / a m m o n i a  
(68 : 28 : 2: 2, v/v) as eluens, under which conditions 
cardiolipin eluted first, followed by PG and then PE. 
The purity of the lipids was checked by HPTLC using 
the same eluens. 

For preparation of NMR samples I1} p, mol of phos- 
pholid were hy0rated with I mi deuterium-depleted 
109 mM ""~ Na,_,, 10 mM Pipes, 2 mM EDTA buffer at 
pH 7.4. The samples were incubated for I h at 3{}°C, 
after which they were gently vortcxcd and subjected to 
several cycles of freeze-thawing. Samples wcrc either 
measured directly or stored at -20°C. 

Detetmblathm of phoq~holipid a:,,i ,fatty acid composi- 
tiott 

The phospholipid composition of the total lipid ex- 
tract of E. coff cells and inverted inner membrane 
vesicles was determined by 2-dimensional HPTLC on 
silica-plates (Kieselgel 60, Merck) with chloroform/ 
methanol/water (65' 25"4, v/'v) as the first and chlo- 
roform/methanol/acet ic  acid (65:25: 11}, v/v) as the 
second eluens. The phosphate content in each spot was 
determined according to Rouser et al. [28]. The phos- 
pholipid composition (mol%) of the cells was found to 
be: 79% PE, 15% PG and 6f~ cardiolipin. Inner mem- 
brane vesicles contained 74% PE, 19% PG and 7% 
cardiolipin. 

The fatty acid composition was determined by gas 
chromatography using methyl esters of the fatty acids. 
The fatty acyl composition (tool%) of the phospho- 
lipids extracted from the whole cells was: 14:1) (7.{}%), 
16:{I (34.2%), 16:1 (1.7%), 18:{} (2.9%), 18:1 (51.{}%) 
and 18:2 (3.1%), and from the inner membrane vesi- 
cles: 14:{I (5.4%), 16:1} (29.5%), 16:i (1.5%), 18:11 
(1.2%), 18: ! (58.9%) and 18:2 (3.5%). The presence 
of small amounts of unsaturated fatty acids other than 
oleic acid is ascribed to uptake of these fi~tty acids 
from the medium, in which they were tbund to be 
present in trace amounts. About 10% of the total 
amount of oleic acid present in the medium became 
incorporated into the E. colt membranes. 

Titration with phenethyl ak'ohoi 
Phenethyl alcohol (PEA) was added from a suspen- 

sion of 2 vol% in the same buffer as used fi,r prepara- 
tion of the NMR samples. When during titrations the 
FEA concentration in the NMR sample reached l 
vol%, further aliquots of the alcohol were added from 
a l0 vol% dispersion of PEA in buffer. After each 
addition the sample was mixed by gentle rotation of 
ihe NMR tube in a near vertical position and allowed 
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to equilibrate for 10 min at 3{}°Co No further spectral 
changes were observed upon prolonging the incubation 
time. Control experiments showed that addition of 
buffer in the absence of PEA did not affect the 2H- 
NMR spectra. 

NMR measurements 
2H-NMR spectra were recorded at 46.1 MHz on a 

Bruker MSL 300 spectrometer using a quadrupolar 
echo pulse sequence [29] with a I I /.ts 90 ° pulse, a 2K 
time domain, an echo delay of 35 /~s and a 100 ms 
delay between pulses. The specI~ra! width was 71.5 kHz 
and typically 36 K scans were accumulated. The signal- 
to-noise ratio was reduced by applying an exponential 
multiplication prior to Fouriel ~ transformation, result- 
ing in a 20(} Hz linebroadening. 

3~P-NMR spectra were recorded at 121.4 MHz on 
the same spectremeter, using a 12 #s 90 ° v~alse, a 38.5 
kHz spectral width, 4K data points and a 1-~ interpulse 
time. A gated decoupling program was used with an 
input power of 3 W during 2.6% of the interpulse time. 
5{100 frcc induction decays were accumulated and an 
exponential multiplication was applied resulting in 1(}(} 
Hz line broadening. All spectra shown are normalized 
to the same height. 

Results 

The properties of the E. colt cell membranes and 
derived membrane systems were first characterized as 
a flmction of temperature. -'H-NMR spectra of intact 
E. colt cells are shown in Fig. 1. At 3()°C a rather broad 
powdel ~ patte"n is observed for the [:H]oleic acid con- 
taining meml~l'anes, with two peaks separated by a Au,, 
of 6.7 kHz (Fig. I B) and a sharp isotropic si~gnal which 
is ascribed te a small amount of residual HOD that 
was not removed by the exchange: procedure. Auq is 
related to the segmental order of the C-D bond, as 
described [30] The large intrinsic line width is typical 
for protein-containing bilayers [31]. 

The spectr~, exhibited a pronounced temperature 
dependence. Upon lowering the temperature below 
2{}°C a gradual decrease in signal intensity was ob.. 
served, accompanied by the appearance of a br~ad 
underlying component, as shown in Fig. I A for the 
spectr,~m obtained at 4°C. This behaviour is typical for 
lipids undergoing a phase transition from the liquid- 
crystalline phase to the gel state and in agreement with 
previous observations in other E. colt fatty acid aux- 
otrophs [l 7,32-34j. Increasing the 'temperature to 42°C 
also led to changes in the 2H-NMR spectra. Superim- 
posed on the powder pattern in time gradually a rather 
broad isotropic signal emerged (Fig. lC), that did not 
disappear upon subsequent cooling of the samples (not 
shown). This component was not observed at the growth 
temperature: of 37°C. Avq in the intact cells decreases 
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Fig. I. ' ] | - N M R  Sl~ctra of b.'. coli K!059 cells at 4°C (A), 30°£ ' (B) 
and 42°(:, (C). (.'~lls ~erc gro~,n in the prcsellce of [l I.I l-"ll:h)Ick" 
acid. All Sl~ctra are nt~rmali~,.ed [o the same height. For details see 

text• 
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Fig. 2 211-NMR (A) and ~II'-NMP, (B) ,,;p::ctra a! .;~ ( of isiflatctJ 
inner membrane vesicles from E. coil KI05~ cells, grown on [I I.i I- 

l l :  ]oleic acid. 

with increasing temperature and is about 5.7 kHz at 
42°C, 

As compared to the intact cells the aH-NMR spec- 
trum of isolated inner membrane v~sicles at 30°C (Fig. 
2A) has a smaller At~ of about 4.8 kHz and appears to 
have a larger intrinsic linewidth, The :iP-NMR spec- 
trum of these inner membrane vesicles (Fig. 2B) con- 
sists of one major component, charac~,erized by a low- 
field shoulder and a high-field peak, and a small 
isotropic component. The lineshape of the major com- 
ponent is indicative of lipids in a liquid-crystalline 
bilayer in which the chemical shift interaction is aver- 
aged by fast long axis rotation of the lipids [30,35]. A 
residual CSA of 29 ppm is observed, which is small as 
compared to that of the total lipid extract (36 ppm) 

(Fig. 3D). The isotropic component is most likely due 
to the presence of a minor amount of small vesicles, in 
which lateral diffusion of the lipids and vesicle tum- 
bling result in a complete motiona! averaging of the 
CSA [37]. 

' l ae  total lipid extract at 30°C (Fig. 3B) gives rise to 
a :H-NMR spectrum with two sharp peaks, separated 
by 9.9 kttz, which is much larger than Avq of the iipids 
in the membrane of the intact cell at this temperature. 
The lineshape is not typical for that of randomly ori- 
ented di:~persions, but indicates a magnetic orientation 
of the lipids, as described previously for lipid extracts 
from E. coli [36]. This magnetic orientation is also 
evident in the corresponding 31P-NMR spectrum at 
30°C (Fig. 3D) from the lack of a low-field shoulder. 
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Fig. 3.21I-NMR (A, B) and qP-NMR ((', i)) spectra of dispersions of the total lipid extract of E. coff Ki059 cells, grown on 11 I.I I-2lt2]oleic 
acid, at 4°(" (A. (') and 31)°( ̀ lB, D). 

Upon lowering the temperature gradually an underly- 
ing broad ~:ompo,ent appears in the 2H-NMR spectra. 
This is similar to the behavi~ur in intact cells and 
indicative of a phase transition of the lipids from a 

,,i;quid-crystallinc to a gel state, which has been re- 
'*ported t.o occur in this temperature region [1%33,34]. 
l-:ig. 3A shows the 2H°NMP. ~pectrum at 4°C, in which 
superimposed on this broad component a doublet with 
A% of 10.8 kHz is observed, originating from a small 
part of the lipids that is still present in the liquid-crys- 
talline phase. The .at P-NMR spectrum of the total lipid 
extract at 4°C (Fig. 3C) shows a broadening, conrdstent 
with a large part of the lipids being present in the gel 
state. 

Upon increasing the temperature both 2H- (not 
shown) and .at P-NMR measurements (Fig. 4) showed a 
bilayer to isotropic phase transition in the total lipid 
extract. While at 37°C the .atP.NMR spectrum of the 
total lipid extract is still mostly represeratative of a 
bilayer organization, a slight increase in intensity oc- 
curs in, the region of about 0 to -10  ppm (Fig. 4A). 
Upon raising the temperature to 42°C a rather broad 
isotropic component emerges, superimposed on the 
bilayer component (Fig. 4B). In tinge the bilayer signal 
slowly disappears and the isotropic signal becomes 
sharper (Fig. 4C), indicating that the lipids now un- 

dergo isotropic motion with a correlation time of less 
than 10- 5 s [37]. These same spectral changes occurred 
also at 37°C, but much slower. A liimshape typical for a 
bilayer organization of lipids could be regained only by 
freeze-thawing of the samples (not shown). This behav- 
ior is very similar to that of mixtures of synthetic 
DOPE and DOPG (3" l, molar) for which also at ahnut 
40°C a slow transition from a bilayer organization to an 
isotropic phase was observed [13]. This isotropic phase 
was assigned to an inverted (type li) organization with 
a net concave surface curvature, which most likely 
represents a cubic phase [43]. That a similar isotropic 
phase is formed in i he E. coli total lipid extract is 
supported by the observation (not shown) that, like in 
the synthetic lipid mixture [13] the bilayer configura- 
tion is stabilized by addition of palmitoyllyso-PC, which 
is a typical type I lipid that mitigates against the 
formation of type ll structures [50]. 

Next, the acyi chain order and lipid phase behaviour 
of the total lipid extract was compared to that of the 
major lipids, PE and PG. Fig. 5 shows that for flit: total 
lipid extract A% initially increases with tcn~perature, 
and, after reaching a maximum at about 20°C de- 
creases again. At first sight this behaviour at iow tem- 
peratures is highly unusual. However, it may be ex- 
plained by a contribution to Avq only from those lipids 
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Fig. 4. ~IP.NMR spectra of a dispersion of the total lipid extract t)f 
E. ('()lt KII)Sq cells, grown on [! I,I I - : t i  ,]t)leic acid,oat 37°C (A), at 
42°C af,'er 15 rain equilibration time (B') and at 42 C after a total 

incubation time of approx. 9~) rain. (C). 

that are in the liquid-crystalline state. Since lipids with 
higher transition temperatures can be expected to have 
more ordered acyl chains, as will be illustrated below 
by comparison of b.: colt PE and synthetic DOPE, 
their subsequent melting upon raising the temperature 
may increase the value of A~,q. At 20°C nearly all the 
iipids are in the liquid crystalline state and, as ex- 
pected, further increasing the temperature then de- 
creases chain order in all lipids. At temperatures of 
42°C and higher an isotropic phase was induced. 

0 1 0  2 0  3 0  4 0  5 0  6 0  
Temperature°C 

Fig. 5. Temperatt.rc dependence of the qlaldrppolar splitting (AJ,,~) 
i ,  dispersions of the total lipid extract of  I'. ('.It Kll)59 cells, grown 
on [ I I, I I- ~ I I ;  jt)leic acid ( [:::1 ) of isolated E. c. l i  PE ( Ha ) and of E. 

c. l i  PC; (e). 

A qualitatively similar melting behaviour is shown in 
Fig. 5 for E. colt PE, which at all temperatures has a 

slightly higher value of a~,,i..~lp, and 2H-NMR line- 
shapes (not shown) were indicative of a broad gel to 
liquid-crystalline phase transition in the range of 4-  
20°C and showed a bilayer to H~ phase transition at 
about 65°C, simi!'~.r to the behaviour of PE of oti~er E. 
colt strains [15,16]. In cor~trast, A,,,, of E. colt PG is 
much smaller than that of PE, and graduaily decreases 
with increasing temperature, in line with this, the -'H- 
and • ~t P-NMR iineshapes (not shown) indicate that PG 
is in a liquid-ct~,stalline bilaye," throughout the whole 
temperature range of 4 to 70°C. 

Since in spite of the presence of these different 
types of lipids only one value of ,av,~ is observed for the 
total lipid extract of E. colt, the acyl chains must be 
homogeneously packed. The value of A~J,~ then can be 
expected to be an average value that is determined by 
the lipid composition. For mixtur~ of synthetic deu- 
terium-labelled DOPE and DOPG it could bc demon- 

4 - , - , - ' . - I  
0 . 0 0  0 . 2 5  0 . 5 0  0 . 7 5  1 . 0 0  

DOPE / 2H - DOPG 
Fig. 6. Dependence of the quadrupolar splitting ~J~,q) on lipid 
concentration in mixtures of DOPE and :H-labelled DOPG at IO°C 

(o).  20°C (e). 30°C ( EJ ). :~nd 40°C ( II ) 
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Fig. 7, 21t-NMR spu',:tr:~ at ~tO°(" of the total lipid extract of i-. ('oh KI()5 t) cell.~, e.rown on [I I,I I- 211 ,?]oleic acid (A, B) and of intact ceils ((', D) 
it) tile absence (A. ( ')  and presence (B. D) of I volume F: phenethyl ah.'ohol. 

strated that Av,~ indeed directly reflects the lipid com- 
position, since it is linearly related to the DOPE con- 
centration. This is shown in Fig. fl for mixtures of 
DOPE and -'H-labelled DOPG at various tempera- 
tures. 

Like ti)r the E. colt lipids also for the diolcoylphos- 
pholipids Av,, in PE is much larger than in PG. At 0°C, 
with both lipids being in a liquid-crystalline bilayer, 
values of Av,, are found of 12.(I and 6.6 kHz, respec- 
tively. Furthermore, DOPG has a smaller value of Avq 
than the E. coil lipid with its more saturated character, 
iPdicating that the acyl chains are more disordered. At 
30°C the difference in .Iv,, between both lipids is about 
2 kHz. Simihtrly, extrapolation in Fig. 6 yieh.ls a theo- 
retical value of Avq of 8.6 kHz for DOPE in the 
liquid-crystalline bilayer at 30°C, which is much smaller 
than that of the E. coil PE (11.2 kHz). 

Next investigated was how temperature-induced 
changes in lipid packing compare with those induced 
by addition of PEA. Fig. 7 shows 2H-NMPo spectra of 
the total lipid extract and of intact E. coil ,:ells before 
and after addition of 1 moi% PEA. in the E. coil total 
lipid extract (Fig. 7A and B) PEA addition results in a 
dramatic reduction in Av,~ from 9.9 to 2.9 kHz, corre- 
sponding to a 70% decrease in lipid chain order. The 
origin of the small isotropic signal that is observed 

after addition of PEA is not known, but most !ikely it 
arises from residual naturally abundant deuterons pre- 
sent in the alcohol, interestingly, also in intact E. cob 
cells (Fig. 7C and D) addition of PEA rc~t~!',:; i~ a 
strong decrease of av, u from 6.7 to 2.5 kHz, corre- 
sponding to a decrease in lipid chain ~,rder of 63%. 

The influence of PEA addition on av, was further 
investigated in the E. coli total lipid extract as a 
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cells, grown on [ l l . l l - 2H : ] o l e i c  acid. at 30c( ~. Syml:,~l:, represent 

separate titrations of two different lipid cxt~ acts. 



260 

function of the concentration of the alcohol. Fig. 8 
shows that at low concentrations 3vq decreases ap- 
proximately linearly with the amount of PEA present. 
At higher concentrations of PEA the decrease in 3Uq 
appears to level off. ~t P-NMR spectra of the total lipid 
extract were not affected by PEA addition (not shown), 
suggesting that the alcohol does m,t affect lipid organi- 
zation in these systems. However, upon f,ceze-thawing 
of samples of the total lipid extract to which PEA was 
added no longer a spectrum typical for a bilayer orga- 
nization was obtained, but both ~'P- and 'H-NMR 
measurements yielded a sharp isotropic signal (not 
shown). 

Discussion 

In this study we us.'d an tmsaturated l';Jtty acid 
attxotrophic mutant to incorporate ~'lt-labciled oleic 
acid in E. colt membranes and we characterized lipid 
organizatkm and lipid acyl chain order in intact cells 
and derived membrane systems by NMI< techniques. 

The membranes of intact cells showed a broad gel to 
liquid-crystalline phase tr:,nsition and ,~,,:re completely 
fluid at 3(1 C. At this temperature a value of ..luq was 
obser~,ed that was 30% lower than in the total lipid 
extract, indicating that the presence of proteins in the 
imact membranes significantly reduces lipid chain or- 
der. Such a 30% difference h~ ac~,'l chain order is rather 
large as compared to previous reports [17,33,3,1]. Slate 
the sensitivity of At,,, towards particular changes il~ 
lipid packing depends upon the position of the label in 
the acyl chain [38,39], a possible explanation is that this 
sensitivity is relatively high lor the l l.ll-position in 
oleic acid under tile present conditions. 

in the isolated inner membrane vesicles an even 
smaller value of d~q was observed, which was about 
25¢~ reduced as compared to d~,~, of the intact cells. 
This is similar to the difference ill acyl chain order 
between outer and inner membrane vesicles as re- 
ported by Nichol et ai. [32]. The small value of d~,,, 
could be a result of the different composition of the 
inner membrane, which contains less PE. has a higher 
L:ontent of unsaturated acyi ch~,in,~ and is more fluid 
than the outer membrane [17.32.34.40]. However. it is 
more likely that d~-~ is reduced because vesicle tum- 
bling and lateral diffusion of tile lipids results in addi- 
tional motional averaging of the quadrupolar interac- 
ti~;n due to the relatively small size of tile inner mere. 
brahe vesicles. Their average diameter is about 101) 
rim, wi.th a r:~ttacr h',h~mo~cacoas size distribution, 
vaD, ing from 41) nm to about :i(H) nm as estimated from 
freeze-fracture elec~ron-micr0scop:,~ experiments (not 
shown), Similarly the relatively small residual CSA and 
the apparent linebroadening in the -~nP-NMR spectra 
of these inner membrane vesicles (Fig. 2B) could result 
from motional averaging due to a small and heteroge- 

neous vesicle size [37]. The isotropic signal most likely 
originates from a minor percentage of even smaller 
vesicles. 

The broad gel to fluid transition that was observed 
in the intact E. colt cells as well as in the total lipid 
extract appeared to be dictated by the phase bchaviour 
of the dominant lipid PE. PE is a typical non-bilaycr 
structure preferring lipid in which, due to the low 
headgroup hydration and strong intermolecular head- 
group interactions, the average cross-sectional area per 
headgroup is small comparcd to that of PG [!1}.! 1]. As 
a result the lipids tend to organize in highly curved 
slructurcs, i.e. they have a high spontaneous surface 
curvature [10,41]. When PE is present in a bilayer thi,; 
will lead to an increased lateral pressure ill tile hy- 
drophobic part of the bilayer as a result of which tile 
acyl t:hahl,, will stretch. The large value of d~,n in PE as 
compared to PG with a simihu" acyl chain composition 
is indicative of this larger effective length of the acyl 
chain [38]. Thc lateral stress can bc relieved by organi- 
zation of tlle !ipid in structures with a ~.onc,ve surfilce 
curvature at the lipid/water interface, such as the 
hexagonal H li phase. However, this phase can only be 
fi~rmed at the cost of free energy due to packing 
constraints at the intersections of the tubes in the H H 
phase [10,41]. For if. t'o!i PE used in this study appar- 
ently the l-lnu phase becomes energetically more 
favoural'qc at high temperalures of about 65°C This 
phase bchaviour of E. colt PE is rather similar to that 
of POPE. which is expected to bc the prevailing lipid 
species [I] and which undergoes a gel to liquid-crystal- 
line phase transition at 27°C and a bilaycr to !t ~v phase 
transition at 71°C [42]. 

Rel'dacement ol" hoth acyl chains by oh'ic acid. as in 
DOPE. increases the lipid fluidity and results in a large 
decrease ill du,,. The bilaycr to Hay phase transition is 
decreased to about 8°C [21}] and addition of DOPG 
stabilizes the bilaycr [!3]. A hi!aye:" stabilizing "~ctivity 
of PG in mixtures with PE has been reported previ- 
ously [44,45] and can be easily understood on the basis 
that PG is a ncgatnvely charged, bilaycr preferring 
lipid, which decreases the spontaneous curvature when 
mixed with PE. 

in view of this expected bilaycr stabilizing activity of 
PG. the difference betwecn the phase behaviour of E. 
t'oli PE. which fl~rms a bilayer up till 6()°C. and the 
total lipid extract, which besides PE contains PG and 
CL. ,tad which undergoes a bilayer to isotropic transi- 
tion at about 40°C. is puzzling. Apparently the pres- 
ence of PG and small amc~ur~t,.; t,f CI., which in the 
absence of divalent cations is a bi!ayer preferring lipid 
[11]... now destabilizes the bilayer. The only logical 
conclusion is that apparently in the isotropic phase the 
need is satisfied for a curved interface, with a different 
curvature than is required for pure PE, and that the 
free energy cost due to packing constraints in this 



isotropic structure is considerably lower than for E. 
colt PE in the tt~n phase. 

Also surprising is the obscrvation that total lipid 
extracts of E. colt cells show a similar bilayer to 
isotropic transition at about the same temperature its 
D O P E / D O P G  (3: ! )mix tures  [13], in spitc of thcir 
very different acyl chain composition. Likewise, the 
phase behaviour of a total lipid extract from a wild-type 
strain SDI2, which has a differe~:t fi,.tty acid composi- 
tion, is very similar close t,,~ growth tempcraturc (not 
shown). A likely explanation is that it is mainly the PE 
content that determines the spontaneous curvature of 
the lipid mixture, and that this curvature dictates the 
transition temperature, rather than the cncrgetics of 
lipid packing in the non-~ilaycr phase, which fl)r a 
large part is determined by the acyl chain compositie:~.. 
Since the transition ,wcurs close It) the grow:h temper- 
ature, these data suggest th:~t it may bc important for  
I'unctioning o1" if. colt to maintain a situation in wifich 
the membrane lipids arc clo,,~c to the bilaycr |o non-hi- 
layer transition and that this may bc easily accom- 
plished by keeping the PE content approximately con- 
stant, Another, very different indication, timt in E. colt 
the bilayer to non-bil,,yer lipid ratio is regulated, is the 
recent observation that E. colt mut,'mts, unable to 
synthesize PE, contain high levels of PG and CL in- 
stead and are auxotrophic for divalent cations [46]. 
This suggests that PE fulfills a struct,'aral role that can 
be taken over by CL and PG enly when divalent 
cations are present, which is precisely the condition 
under which CL is able to organize in an tt,u phase 
[ l ( ) , l l ] .  

Non-bilaycr structures have bccn previously ob- 
sen'vcd in E. colt derived membrane  .;ystcnns 
[ 13,16,18,19] and have been implied as ii l tcl 'mediatc~i in 

functior:al naembrane processes [11,12], dttring which 
they are believed to be h)rmed locally and transicntly, 
while not :~ffecting membrane integrity. In intact E. 
colt cells at higher temperatures a broad, non-:'cvcrsi- 
ble isotropic conlponen,t is induced, tha t  might be 
indicative of a more pcrnmnent tbrmation o f  r .m-I ' f i -  

layer lipid structures. A similar component, also as- 
cribed to non-bilayer lipid structures, had been re- 
ported previously [34]. Since the pcrmancnt formation 
of non-bilayer lipid structures is expected to affect 
membrane integrity, this could explain the observed 
phenomenon of translocation across the membrane of 
mature proteins upon exposure of If. coli cells to 
elevated temperatures [9]. 

Although also PEA is known to promote fi~rmation 
of type !! structures [I.4], it does not appear to do sn 
upon addition to either the total lipid extract or It) 
intact E. colt cells. However, PEA induces a dramatic 
decrease in lipid chain order, which at 1 mole~ of the 
alcohol is decreased by as much as 60-70%. This is 
much larger than the 15% change in acyl chain order 
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found by Halegoua and input  [7], using 5-doxylstearate 
as a spin label, and slightly 'arger than the approxi- 
mately 55¢,~ decrease observed upon addition of PEA 
to mixtures of [ 11, ! 1--" H ,  ]dioleoylphosphatidyicholine 
and phosphatidylserinc, in which it could be directly 
related to an increased transiocation efficiency of 
apocytochromc c [8]. The decrease in chain order most 
likely results from an interfacial localization of the 
alcohol, by which it can act as a spacer between the 
headgroups [8]. 

The only indication for a type !! structure inducing 
activity of PEA in the present study is the observation 
that upon freeze-thawing o f  samples of the total lipio 
extract to which PEA was added an isotropic signal 
was induced. This suggests that freeze-thawing changes 
the h~calization of PEA in the lipid phase, which rc 
suits in a different effect on lipid phasc behaviour. The 
isotropic signal most likely reflects organization of the 
lipids in a cubic phase similar to that ~bt::incd i.ipCffl 
heating the samples. 

Thus, it is cleat' that both temperature variatit,r, :~nd 
phcnethyl alcohol addition have a large effect on lipid 
packing. However, the way in which both factors affect 
membrane properties is different. Phenethyl alcohol 
has a very large effect on membrane fluidity and this 
appears to be the primary mechanism by which it 
affects the properties of the membrane and for in- 
stance enhances transk~cation of proteins across the 
membrane [6,8]. in contrast, upon increasing tempera- 
ture the lipid packing appears disturbed locally and 
(type il) non-biiaycl" ~tructures arc likely to be formcd. 

in Achoh'p!asma laullawii it has bccn ,;i~own that 
both lipid fluidity and l.~olymorphic ph;lse bchaviour 
are regulated [47], indicating their importance for 
membrane functioning. While previously it had been 
shown that lipid fluidity is regulated in E. colt [4b',.49], 
the results presented in this paper, together with data 
from other studies [46] suggest that a regulation mech- 
anism to maintain a certain bilayer-to-non-bilayer lipid 
ratio exists also in E. colt. 
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