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Myristic acid specifically deuterated at several positions along the acyl chain was biosynthetically incorpo- 
rated into the membrane lipids of Acholeplasma laidlawii B to the level of />90%. 2H-NMR was used to 
study the molecular order and lipid phase composition of the membranes as a function of temperature. 
Isolated membranes and intact cells give rise to similar 2H spectra. Below 25°C the spectra exhibit a broad 
gel phase component which at 0°C reaches the rigid limit value expected for an immobilized methylene 
group. Spectral moments were used to determine the relative amounts of gel and liquid crystalline phase 
lipids throughout the gel-liquid crystal phase transition. The results indicate that at the growth temperature 
(37 or 30°C) the A. laidlawii B membrane lipids are ~85-90% in the gel state, and that protein has little 
effect on lipid order of the liquid crystalline lipid, but leads to an increase in the linewidth by approx. 20%. 

Introduction 

In order to understand membrane function it is 
essential to have detailed knowledge of the struc- 
ture and dynamics of the lipid molecules, in par- 
ticular of the hydrocarbon chains which provide 
the hydrophobic environment for various proces- 
ses. 2H-labelled lipids provide non-perturbing 
probes whose NMR spectra are sensitive to molec- 
ular structure and dynamics within membranes. 
Recently, in studies of A. laidlawii [1-6] and 
Escherichia coli membranes [6-10] the technique 
has been used to elucidate membrane organiza- 
tion. A. laidlawii B membranes in the fluid phase 
exhibit a hydrocarbon flexibility gradient, or 
order-position profile, which is similar to that of 
multilamellar dispersions of lipids [1,3,4]. In addi- 
tion, 2H-NMR studies of E. coli [9,10] and A. 

* N.R.C.C. Publication number  20220. 

0005-2736/82/0000-0000/$02.75 © 1982 Elsevier Biomedical Press 

laidlawii B [2,3] have provided information about 
membrane lipids in the gel state. 

An important aspect of structural studies, which 
has been extensively investigated, is the tempera- 
ture dependence of molecular order in membranes. 
The membrane lipids of E. coil and A. laidlawii 
exhibit relatively-well defined liquid crystal to gel 
state transitions, in spite of the heterogeneity of 
lipid headgroup and fatty acyl chains, and the 
presence of protein. There is evidence that the 
degree of membrane fluidity gives rise to a number 
of important effects. The rates of ATP hydrolysis 
by membrane-bound ATPase [11], and of glucose 
transport in A. laidlawii [12], have been reported to 
depend upon the phase behaviour of the mem- 
brane lipids. It is well established that A. laidlawii 
growth rates are influenced by the phase composi- 
tion of its membrane lipids [13], and it will not 
grow when all of the lipids are in the gel state. 
Another significant effect of temperature is that 
cells will change the composition of the acyl chains 



623 

and alter the relative amounts of the various lipid 
headgroup classes [14-16] to adapt to their en- 
vironment. 

Since A. laidlawii B readily incorporates exoge- 
nous 2H-labelled fatty acids into its plasma mem- 
brane, the organism is ideal for studying structural 
and dynamical properties of an intact biological 
membrane by 2H-NMR. However, due to various 
factors the fatty acid composition of the mem- 
brane may be variable even when only one exoge- 
nous fatty acid is provided. As a result, quantita- 
tive comparisons of 2 H-NMR data between differ- 
ent growths are difficult. Recently, A. laidlawii B 
membranes which contain essentially one fatty 
acid (approx. 97%) have been obtained when the 
organism is cultured in the presence of avidin, an 
inhibitor of endogeneous fatty acid synthesis [14]. 
As a result, the sharpness and midpoint tempera- 
ture of the gel to liquid crystalline phase transition 
may be controlled. The individual lipid classes 
present in A. laidlawii have been shown to exhibit 
differing phase behaviour [15,17,18] and widely 
differing transition temperatures for the same fatty 
acid [14]. Also, in the case of membranes made 
homogeneous in fatty acid, the ratio of the con- 
stituent headgroup classes has been shown to vary 
over a wide range [14]. Hence, membranes made 
homogeneous in fatty acid may permit the detec- 
tion of subtle effects on the structure and dy- 
namics of acyl chains arising from lipid-protein 
interaction or headgroup variations which might 
be obscured by the effects of fatty acid chain-length 
heterogeneity. 

In the present study 2H-NMR has been used to 
study in detail membranes of A. laidlawii B made 
homogeneous in myristic acid. The effect of growth 
temperature on membrane organization is ex- 
plored. 

Materials and Methods 

[14-2H3] - and perdeuterated myristic acid were 
obtained from Larodan Lipids, Malm~, Sweden. 
(2-2H2)-labelled fatty acids were prepared by a- 
exchange [ 19]. [4- 2 H 2 ]Myristic acid was prepared 
by malonate extension of [2-2H2]lauryl mesylate 
[19,20]. 

Aeholeplasma laidlawii B was grown at 37 or 
30°C as described previously [4], except that avidin 

(grade II, Sigma Chem. Co., St. Louis, MO) was 
added to the growth medium at a level of 25 
units/litre. Plasma membranes were prepared as 
described earlier [21]. The acyl chain composition 
was determined by gas-liquid chromatography 
(GLC) of the methyl esters [21] and is expressed in 
mol% (Table I). Lipid extracts were obtained by 
the method of Wells and Dittmer [22]. 

The lipid headgroup distribution was analyzed 
by applying the total lipids to 100 X 50 X 0.5 mm 
plates of Silica gel G which were developed with 
chloroform/methanol/water (65 : 25 : 4, v/v). 
After drying, the plates were briefly exposed to I2 
vapour until the lipid spots were lightly stained. 
Lipid spots of interest were scraped from the 
plates and then subjected directly to methyl ester 
analysis in the presence of a known amount of 
standard fatty acid. The relative ratio of lipid head 
groups was determined as described elsewhere [14] 
and are given in Table I. 

The NMR membrane samples consisted of 
freeze-dried membrane hydrated with deuterium- 
depleted water (Aldrich Chemical Co., Milwaukee, 
WI) in a weight ratio of about 1:3. Intact cells 
were washed twice, and the NMR samples pre- 

p a r e d  with a wash solution [21] prepared with 
deuterium-depleted water. Cells were checked mi- 
croscopically after the NMR experiments and ex- 
hibited little cell lysis. NMR samples of the lipid 
extracts were prepared by hydrating the lipids with 
deuterium-depleted water (1:3, w/w) and re- 
peatedly heating to 45°C and freeze-thawing until 
the sample was homogeneous. 

Calorimetry was performed on a Microcal MC-1 
differential scanning calorimeter (DSC) with a 
temperature scanning rate of 1.0 degree Cel- 
sius/min. The gel to liquid crystal transition of 
fully hydrated dipalmitoylphosphatidylcholine was 
used to calibrate the temperature scale. Samples 
weighed approx, l0 mg and were dispersed in 1.5 
ml water. 

2H NMR spectra were obtained at 46.063 MHz 
with a Bruker CXP-300 spectrometer using a 
home-built probe and at 30.7 MHz with a home- 
built spectrometer (Byrd, R.A., unpublished data). 
Spectra were obtained using the quadrupole echo 
technique [23] with phase alteration on the pulse 
applied along the x-direction. The experiments 
were done on resonance with the phase of the 
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TABLE I 

FATTY ACID COMPOSITION AND HEADGROUP ANALYSIS OF THE TOTAL LIPIDS OF A C H O L E P L A S M A  D t l D -  
LA 14/11 GROWN ON SPECIFICALLY DEUTERATED MYRISTIC ACID (14:0) 

MG, monoglucosyldiacylglycerol; DG, diglucosyldiacylglycerol; PG, phosphatidylglycerol. 

Labelled Growth Yield of freeze- Percent Ratio of Ratio of 
carbon atom temperature dried membranes 14 : 0 M G / D G  (MG ÷ 

(°C) (mg) D G ) / P G  

2 37 200 91 1.9 ÷0.2 
4 37 140 90 1.4+0.1 3.5 : '0.3 

14 37 200 90 0.9 ~ 0.1 - 
Perdeutero 30 90 92 0.2 ÷ 0.3 3.7 + 0.2 
Control a 37 960 15 1.7 4:0.2 2.4 ~ 0.1 

a Grown in the absence of avidin and exogeneous fatty acid. 

spectrometer reference signal adjusted to give 
complete absorption signals without the need for 
any post-Fourier transform phase correction [23]. 
The sample was enclosed in a glass dewar and the 
temperature was electronically regulated to within 
approx. -0 .5°C.  After a temperature change the 
sample was allowed 15 min to come to equi- 
librium. The temperature gradient across the sam- 
ple was measured to be ~< 0.1°C. 

Spectral moments were measured as described 
previously [24]. The accuracy of the lipid phase 
fractions calculated for a given temperature was 
estimated by adding normalized experimental 
spectra representing pure liquid crystalline and gel 
phase according to the calculated ratios, and com- 
paring the composite spectrum to the correspond- 
ing experimental spectrum [24]. 

The 90°-oriented sample 2H-NMR spectrum, 
'de-Paked', was calculated from the experimental 
powder spectrum as described elsewhere [25]. 
Quadrupolar splittings were determined directly 
from the 'de-Paked' spectrum and linewidths at 
half-height were calculated by fitting a Gaussian 
lineshape to the oriented spectrum (Rance, M., 
Smith, I.C.P. and Jarrell, H.C., in preparation). 
Simulated spectra were calculated using the ex- 
perimentally determined quadrupolar splitting, lin- 
ewidths and an angular-dependent Gaussian lin- 
eshape function as described elsewhere (Rance, 
M., Smith, I.C.P. and Jarrell, H.C., in preparation). 
'De-Paked' and theoretical spectra were calculated 
on a Nicolet NIC-1280 data system. 

Results and Discussion 

2H-NMR spectra of intact cells vs. isolated mem- 
branes 

Measurements on E. coli [9] and A. laidlawii B 
[6] have determined that lyophilization of the 
membranes has no effect on the 2H-NMR spectra. 
However, it is not clear that isolated membranes 
and intact cells would give rise to identical spectra, 
a condition which is necessary in order to relate 
observations made on isolated membranes with 
membranes of viable cells. Fig. 1 shows 2H-NMR 
spectra of intact cells and derived membranes of 
A. laidlawii B grown at 37°C on medium supple- 
mented with [14-2H3]myristic acid in the presence 
of avidin; the membranes contain 77% myristic 
acid. At 39°C cells and membranes exhibit very 
similar spectra, characteristic of only the liquid 
crystalline phase; both fresh and lyophilized mem- 
branes give a calorimetric transition between ap- 
prox. 24 and 44°C with a midpoint of approx. 
36°C. At 32°C both cells and membranes again 
exhibit similar spectra in which both gel and liquid 
crystalline phases coexist. The apparent dif- 
ferences in the relative amounts of gel and liquid 
crystalline phase may be readily explained by the 
fact that spectra of the membranes are fully re- 
laxed with respect to T 1 while those of the cells are 
not * (the gel phase spectra have a shorter relaxa- 

* In order to avoid cell lysis, spectra were acquired as quickly' 
as possible. 
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Fig. 1. Temperature dependence of 2H-NMR spectra (a) at 46.063 MHz of membranes containing [14-2H3]myristic acid (14:0). 
Spectra acquired using the quadrupolar echo technique and 4.5 #s (90 °) pulses, 60/~s pulse separation, 1.2 s recycle time, 250 kHz 
spectral width and 3000 accumulations; (b) at 30.7 MHz of A. laidlawii B cells containing [14-2H3] 14 : 0. Spectra were acquired as in 
(a) with 6 #s (90 °) pulses, 60 #s pulse separation, 0.2 s recycle time and 2000 accumulations. 

tion time (vide infra). The peak separations in the 
liquid crystalline and the gel-phase spectra are, 
within experimental error, the same for isolated 
and cell membranes (Fig. 1). 

The similar molecular ordering and phase be- 
haviour of both systems indicate that conclusions 
about the organization of isolated membranes are 
relevant for intact cells. 

2H-NMR spectra of membranes homogeneous in 
myristic acid 

Growth at 37°C. Figs. 2 -4  show the temperature 
dependence of membranes containing (/> 90%) [2- 

2H2]-, [4-2H2] - and [14-2H3]myristic acid pre- 
pared from cells grown at the optimal growth 
temperature, 37°C. The three membranes exhibit 
calorimetric phase transitions which are approx. 
15°C in width and have a T¢ of approx. 39 -+2°C, 
where T c is the phase transition midpoint as de- 
fined in Ref. 14. In the case of membranes con- 
taining [2- 2 H2]myristic acid, only the liquid crys- 
talline phase is present at 45°C (Fig. 2). The ori- 
ented spectrum (90 ° orientation), 'de-Paked',  was 
calculated [25] from the spectrum at 45°C and 
quadrupolar splittings of 17.6, 23.0 and 25.0 kHz 
were measured. At 35°C both gel and liquid crys- 
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Fig. 2. Temperature dependence of 46.063 MHz spectra of A. 
laidlawii B membranes  containing [2-2H2] 14:0. Spectra 
acquired as in Fig. 1 with 4.5 ~s (90 °) pulses, 60 /ts pulse 
separation, 250 kHz spectral width, 0.2 s recycle time and 
20000 accumulations. 

talline phases coexist. Below 30°C only gel phase 
lipid is present. The multiple splitting pattern has 
been well established in a number of membrane 

systems [1,4,8,27,28]. Recently, the C-2 position of 
the sn-2 chain has been shown conclusively to give 
rise to two quadrupolar splittings as a result of the 
magnetic non-equivalence* of the deuterons [29]: 
the third splitting arises from the equivalent de- 
uterons at C-2 of the sn-1 chain. 

Although the quadrupolar splittings observed at 
positions along the chain are similar to those of 
dimyristoylphosphatidylcholine (see below), there 
is a significant difference for the 2' position of the 
sn-2 chain. In the model system splittings of 12 
and approx. 18 kHz were reported at 25°C [28] 
which increased in the presence of added protein 
[30]. In A. laidlawii membranes (45 °, Fig. 2) the 
splittings associated with C-2' of the sn-2 chain 
have increased by approx. 5 kHz relative to those 
of the model system. A similar finding in A. laid- 
lawii B membranes containing oleic acid has re- 
cently been reported [4]; a 5 kHz increase in the 
quadrupolar splitting relative to those of the corre- 
sponding model system was observed. The dif- 
ference in the splittings observed for A. laidlawii B 
and model membranes were suggested to arise not 
from the inhomogeneity of the headgroup but 
from a protein-induced change in the conforma- 
tion of the lipid molecule in the region of the 2' 
position of the sn-2 chain. The conformational 
change was also suggested to be similar from one 
system to another. However, the extracted lipids 
from membranes containing [2- 2 H2]myristic acid 
give rise to spectra having quadrupolar splittings 
(determined from oriented spectra as described 
above) which are essentially the same, 18, 23 and 
26 kHz, as those observed for the membranes. 
Although the ratios of the headgroup classes in the 
present study (Table I) are probably different from 
those reported in the other study [4], it seems that 
the differences between the quadrupolar splittings 
of the deuterons at the C-2 positions in A. laidlawii 
membranes and phosphatidylcholines arise from 
the differences in the headgroups and not from the 
presence of protein. A slight dependence of the 
splittings at C-2 on headgroup has been reported 

* A similar observation of the magnetic non-equivalence of 
deuterons has been observed at a different position of a 
cyclopropane-containing fatty acid in the membranes  of A. 
laidlawii B (Jarrell, H.C. and Smith, I.C.P., unpublished 
data). 



in phospholipids [31]. 2H-NMR studies on the 
individual lipid species would be useful in assign- 
ing the effects of the headgroups on the quadru- 
polar splitting at the C-2 positions of the acyl 
chains. 

The C-4 position exhibits, in the liquid crystal- 
line phase, a peak separation of 29 kHz; from the 
first spectral moment a quadrupolar splitting of 
31.7 kHz is calculated, which is comparable to a 
value of 31-+ 0.6 kHz reported previously for a 
similar system [6]. The quadrupolar splitting of the 
liquid crystalline component remains, within ex- 
perimental error, constant throughout the phase 
transition (Fig. 3). At 25°C only a trace of liquid 
crystalline phase is evident. As the temperature is 
lowered, spectra attributable to increasingly more 
rigid lipid are observed until at 0°C essentially no 
motion at the 4 position is detectable (Fig. 3), with 
a peak separation of approx. 114 kHz. The spec- 
trum at 0°C lacks any central component, suggest- 
ing that the presence of protein does not cause any 
detectable disruption of the lipid packing. The 
latter result is noteworthy in that recent studies 
with reconsituted systems have demonstrated tfiat 
in the gel state the lipid is disorganized by the 
presence of protein [32,33]. The absence of such an 
effect in the 0°C spectrum of membranes contain- 
ing [4-2H2]myristic acid may reflect the lower 
concentration of protein in the membrane, as well 
as a generally weaker protein-lipid interaction in 
comparison with the reconstituted systems. Fig. 3e 
also shows a spectrum at 0°C of A. laidlawii B 
membranes which were grown on [12-2H2]- 
palmitic acid (approx. 67% of the total fatty acid) 
and which had a phase transition between 25 and 
45°C. Again most of the spectral intensity is at- 
tributable to relatively rigid lipid, with a peak 
separation of approx. 111 kHz. However, there is a 
central component which indicates that there is a 
small fraction of more fluid lipid and suggests that 
chain-length heterogeneity perturbs the gel state 
lipid more than does the presence of protein. 

In the case of the terminal methyl group of the 
acyl chain, temperature-dependent spectra (Fig. 4) 
again show a coexistence of two phases between 30 
and 46°C. Below approx. 30°C only gel phase 
lipid is present. On further cooling the separation 
of the shoulders increases from approx, ll .5 kHz 
at 25°C to 14 kHz at 5°C. Interestingly a central 
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narrow component, other than water, persists even 
at 5°C. The extracted lipids exhibit a liquid crystal 
type spectrum at 46°C which has a quadrupolar 
splitting of 3.6 kHz; on cooling to 5°C a gel phase 
type spectrum with shoulders at -+7 kHz is ob- 
tained which distinctly lacks the narrow central 
component observed for the membranes. The small 
quadrupolar splitting observed at 5°C, indicates 
very considerable disorder and mobility at this 
position, in contrast to the behaviour at the 2- and 
4-positions. A similar result has been obtained 
with membranes containing pentadecanoic acid 
(Jarrell, H.C., Butler, K.W. and Smith, I.C.P., un- 
published data). Oriented spectra were calculated 
for the 46°C spectra. A quadrupolar splitting of 
3.8 kHz and a associated linewidth of 1.2 kHz 
were determined for the membranes while the 
extracted lipids gave rise to a splitting of 3.6 kHz 
and a linewidth of 1.0 kHz (Fig. 4e). Theoretical 
spectra were calculated using the determined split- 
tings and linewidths, a Gaussian lineshape func- 
tion and an angular dependence of the linewidth 
(Rance, M., Smith, I.C.P. and Jarrell, H.C., in 
preparation), and were found to give good agree- 
ment with the experimental spectra (not shown). 
In another study [6] on A. laidlawii B membranes, 
the presence of proteins was reported to have 
essentially no effect on the quadrupolar splitting 
for all of the acyl chain positions and not to cause 
any detectable line-broadening effects. In the pre- 
sent study, although the presence of protein does 
not appear to have any significant effect on the 
quadrupolar splitting observed for membranes rel- 
ative tO those of the extracted lipids in the liquid 
crystalline phase, the linewidths appear to increase 
by approx. 20%. A similar increase in linewidth 
has been observed for spectra obtained from mem- 
branes containing pentadecanoic acid relative to 
the spectra of the extracted lipids (Jarrell, H.C., 
Butler, K.W. and Smith, I.C.P., unpublished data). 
Recent studies [31-35] have also concluded that 
the presence of protein causes line-broadening ef- 
fects for lipids in the liquid crystalline phase. In 
one case [33] the origin of the broadening effect 
was suggested to arise from the inherent hetero- 
geneity of the system, so that a distribution of 
quadrupolar splittings occurred and was mani- 
fested as an inhomogeneous broadening of the 
2H-NMR lines. In the case of the lipids in A. 
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Fig. 3. (a)-(d) Temperature dependence of 2 H-NMR spetra of membranes containing [4-2H2] 14:0. Spectra were acquired as in 
Fig. 1 with 500 kHz spectral width, 2.25 /Ls (45 °) pulses, 0.2 s recycle time and 160000 accumulations. (e) Membranes containing 
[12-2H2] 16:0 (67%). Spectra acquired as in (a)-(d) with 4.5 Vs (90 °) pulses, and 150000 accumulations. 
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Fig. 4. Temperature dependence of 2 H - N M R  spectra of, (a)-(d), membranes,  and (e), extracted lipids containing [ 14- 2 H 3] 14 : 0. 
Spectra were acquired as in Fig. 2 with 1.2 s recycle time and 3600 accumulations. 
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laidlawii membranes the precise source of the line- 
broadening effect is uncertain; preliminary results 
indicate that the broadening is a motional effect. 

Temperature dependence of the moments of spectra 
As has been pointed out previously [2-4,9,10,26] 

spectral moments provide a method of analyzing 
the temperature dependence of the quadrupolar 
powder spectra and provide a useful monitor of 
the phase transition as well as further insight into 
the motional behaviour responsible for the spectra. 
The first moment M 1, is proportional to the mean 
C-2H bond order parameter, (Sc2H), while M 2 is 
proportional to (Sc2:H). Fig. 5a shows the varia- 
tion of the first moment with temperature while 
Fig. 5b shows the corresponding variation of M 2 
for membranes containing [4- 2 H 2 ]- and [ 14- 2 H 3 ]- 
myristic acid. Both positions show a sharp increase 
in M l and M 2 as the temperature is decreased 
through the phase transition, 46-25°C, indicating 
that the fraction of lipid molecules in the gel state 
is increasing. Below 25°C there is gradual increase 
in Mt and M 2 due to a decrease in the motional 
averaging of the quadrupolar interaction. 

An informative way of characterising the distri- 
bution of order parameters is the relative mean 
square deviation of the distribution of order 
parameters or quadrupolar splittings, the A 2 
parameter [3,4,25]: 

(ScZ2H)- (Sc~H) 2 _ M2 
A2= l 

( S o : H /  1.35M3 

This parameter is very sensitive to sample inhomo- 
geneities such as the coexistence of phases. The 
temperature dependence of A 2 for the C-14 posi- 
tion, shown in Fig. 6, shows a dramatic increase 
upon entering the transition region, and reaches a 
maximum at approx. 42°C which is near the centre 
of the calorimetric phase transition (39°C). The 
asymmetry in the variation of A 2 with temperature 
appears to be related to the asymmetry of the 
phase transition since it is sensitive to the relative 
amounts of the coexistent phases which are shown 
(see below) to exhibit an asymmetric temperature 
dependence. 

There have been few attempts to quantitate the 
phase transition in terms of the fractional phase 
composition [6,10,24]. In one study [6], [14- 
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2H3]myristic acid was used to estimate the relative 
fractions of gel and liquid crystalline phases at 
several temperatures for A. laidlawii membranes. 
Since the phase behaviour of the terminal position 
is not necessarily representative of the entire acyl 
chain, we have calculated and compared the frac- 
tions of the constituent phases of membranes ho- 
mogeneous in [14-2H3] - and [4-2H2]myristic acid 
at various temperatures. Although phase fractions 
can be estimated from spectral areas [10] and by 
theoretical spectral simulations [6], spectral mo- 
ments can be used to calculate fractions more 
accurately in two phase systems according to [24]: 

M~ ----fM~ + (1 - - f ) M ~  

where M,, M ) and M~ are the n th moments of 
the observed, liquid crystalline, and gel state spec- 
tra, respectively, and f is the fraction of liquid 
crystalline phase. The accuracy of the calculated 
values o f f  may be assessed by adding the gel state 
and liquid crystalline spectra (normalized) accord- 
ing to the calculated fractions * as described previ- 
ously [24]; the composite spectra agreed with the 
experimental spectra to within ± 10% (determined 
as described in Ref. 24) for liquid crystalline phase 
fractions of ~< 0.5. 

The results for membranes containing the two 
labelled myristic acids are shown in Fig. 7. It is 
clear that the transition is asymmetric for both 
regions of the acyl chains, suggesting that the 
entire chain behaves similarly. From Fig. 7, T c 
values of 41 and 39°C can be estimated, which are 
comparable to the value of approx. 40.5 and 39.5°C 
determined by DSC for membranes containing 
[14-2H3]- and [4-2H2]myristic acid, respectively. 
Correcting for differences in T c, the results indi- 
cate that the extreme regions of the acyl chains 
undergo a phase transition of similar width at 
essentially the same rate, within experimental er- 
ror. The differences between the absolute tempera- 
ture intervals over which the phase transition oc- 
curs, as monitored by the two labels, may be due 

* To ensure tha t  spect ra  were relaxed wi th  respect  to T l, the T I 
values  were measured  us ing the invers ion recovery technique  
[26] on a perdeu te ra ted  myr is t ic  ac id-conta in ing  m e m b r a n e  
sample  and  were found to agree to wi th in  ± 10% wi th  those 
repor ted for d ipa lmi toy lphospha t idy lcho l ine  in the gel and  
l iquid crysta l l ine  phases  [26]. 
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Fig. 7. Temperature dependence of the fraction of membrane 
lipid in the liquid crystalline phase as determined for mem- 
branes containing (V) [4-2H21 14:0 and ([~) [14-2H3] 14:0. 

to differences between the composition of the two 
membrane samples (see Table I) rather than an 
intrinsic difference between the two positions on 
the acyl chain. It is interesting to note that at the 
growth temperature (37°C) only approx. 15-35% 
of the membrane is in the liquid crystalline phase, 
as reported earlier for membranes enriched in 
palmitic acid [2]. 

30°C growth of cells 
The composition of the acyl chains and the 

relative amounts of the various lipid headgroups in 
A. laidlawii A have been shown to vary with 
growth temperature [15,16]; this has been dis- 
cussed in terms of lipid packing properties and 
phase behaviour of the individual lipid headgroup 
classes [16-18]. A. laidlawii grown in the presence 
of avidin lacks the ability to adjust the fatty acyl 
composition in response to growth temperature 
changes and must therefore maintain cell viability 
by varying the relative proportion of headgroup 
classes [14-16] or possibly by manipulating the 
carotenoid content of its membrane [36]. 
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A. laidlawii B grew poorly (Table I) on a medium 
containing avidin and supplemented with perde- 
uterated myristic acid at 30°C, 7 degrees Celsius 
below the usual growth temperature [37]. The tem- 
perature dependence of the 2H-NMR spectra of 
the derived membranes is shown in Fig. 8, while 
the variation of A z and the liquid crystalline frac- 
tion are given in Fig. 9. The phase transition oc- 
curs between 26-43°C. Unlike the study of mem- 
branes derived from cells grown at 37°C (see 
above), all positions of the lipid fatty acyl chain 
are being monitored simultaneously so that dif- 
ferences in their behaviour may be meaningful. 
Careful inspection of Fig. 8 reveals that there are 
no major differences between chain positions with 
regard to the onset and completion of the gel to 
liquid crystalline phase transition. The midpoint of 
the transition, obtained from Fig. 9, occurs at 37°C. 
Again, A 2 indicates that during the transition the 
sample is heterogeneous, with A 2 going through a 
maximum when the two phases are of almost 
equal populations. At 21°C a typical gel state 
spectrum is observed. As the temperature is de- 
creased the intensity at approx. 63 kHz increases 
until at 15°C a large fraction of the acyl chains are 
reorienting slowly relative to the quadrupolar in- 
teraction. It is interesting to note that for mem- 
branes of A. laidlawii containing perdeuterated 
palmitic acid (approx. 65%), A 2 shows a local 
minimum between 20 and 30°C, below which 2~ 2 
increases until 0°C [3]. The results were interpre- 
ted as indicating that between 20 and 30°C the 
membranes are in a relatively well defined gel 
phase (the distribution of order parameters is not 
changing significantly). In the case of myristic 
acid-containing membranes, A 2 exhibits the local 
minimum over approx. 4 degrees (Fig. 9), and in- 
creases sharply below 23°C, suggesting that the 
more homogeneous membranes are able to organize 
into a crystalline lattice more readily than their 
less homogeneous counterparts containing palmitic 
acid. The latter result suggests that fatty acid 
heterogeneity may determine the organization of 
gel-state lipid to a greater extent than the presence 
of protein. 

At the growth temperature (30°C) approx. 10% 
of the lipids are in the fluid phase. In the case of 
A. laidlawii there does not seem to be a require- 
ment for a large fraction of the lipids to be in a 

fluid phase for viability. A comparison of data for 
the 37 and 30°C growth at the same reduced 
temperature ( T ~ - T )  indicates that the phase 
compositions of the membranes are very similar. 
This is particularly interesting since data from the 
perdeuterated system gives the average behaviour 
of the entire chain which does not appear to differ 
significantly from that of the ends. 

A down shift in growth temperature requires 
that the organism adjust its membrane composi- 
tion to maintain at least 10% of its lipids in the 
fluid state. Most likely this requirement is associ- 
ated with some membrane function. It is intriguing 
to note that phosphatidylglycerol is present in A. 
laidlawii membranes to the extent of 20-30% of 
the total lipids and that 30-35% of the phos- 
phatidylglycerol (approx. 6-10% of the total lipid) 
has been reported to be in the close contact with 
protein [37,38]. 

The order-position profile may be obtained di- 
rectly from spectra of membranes containing per- 
deuterated fatty acids by calculating oriented spec- 
tra [25,33]. The spectrum (Fig. 8e) for A. laidlawii 
containing perdeuterated myristic acid was 'de- 
Paked' to give the 90°-oriented spectrum, as shown 
in Fig. 8f. Resolved peaks corresponding to the 
methyl and several methylene groups are observed. 
Due to the complexity of this system the resolu- 
tion of the various chain methylene groups is not 
as complete as has been reported for other systems 
[25,33]. However, Gaussian lines may be fitted to 
the 'de-Paked' spectrum as described elsewhere 
(Rance, M., Smith, I.C.P. and Jarrell, H.C., in 
preparation) to give an approximate profile of 
quadrupolar splitting with carbon position (Fig. 
10); the data plotted are for resonances which 
have spectral intensity attributable to two methyl- 
ene groups. Data for dimyristoylphosphatidylcho- 
line labelled only in the sn-2 chain at 25 -+ 2°C [28] 
are plotted in Fig. 10 for comparison, as well as 
data for the 2, 4 and 14 positions of A. laidlawii B 
membranes containing myristic acid (see above). 
The profile associated with the membranes agrees 
well with that of the model membrane system. The 
close agreement between the orientational order at 
all positions of the acyl chain of the model and the 
natural membrane again reflects the absence of a 
significant effect of protein on lipid ordering in A. 
laidlawii membranes. 
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as determined for membranes containing perdeuteromyristic 
acid. 

The assignment of the quadrupolar splittings 
obtained for the membranes containing perde- 
uterated myristic acid was somewhat arbitrary. 
Support for the order-position profile derived using 
the assignments can be obtained from a moment 
analysis of the spectrum of membranes at 43°C. 

It has been shown that the variation of 
quadrupolar splitting with acyl chain position can 
be obtained from a spectrum of membranes con- 
taining a perdeuterated fatty acid [3,39] using the 
empirical function 

. Q ( x )  = .Q(o)  { 1 - [ ( .Q (o )  - .Q ( I ) ) / , ,Q (O) ]  x"  } 

where J,Q(X) is the quadrupolar splitting at posi- 
tion x. The values Ue(0 ), re(1 ) and ~ are obtained 
by a least-squares fit of calculated moments to the 
experimental moments, as described elsewhere [3]. 
The form of the order position profile is assumed 
to be a smooth curve, as is observed for di- 
palmitoylphosphatidylcholine [26,27] and A. laid- 
lawii membranes containing palmitic acid [1,3], 
and not to contain any discontinuities such as are 

observed for oleic acid-containing systems [4,8]. At 
43°C (Fig. 8) the spectrum has the square shape 
and sharp cut-off in intensity which are character- 
istic of the 'plateau' in the variation of quadrupo- 
far splitting with chain position found in a variety 
of model [26] and biological [1,3,9] systems. 

An order-position profile was calculated from 
the moments of the 43°C spectra of membranes 
containing perdeuterated myristic acid and is 
shown in Fig. 10. The overall shape of this calcu- 
lated profile is similar to that determined from the 
oriented spectrum as well as to that of di- 
myristoylphosphatidylcholine. The discrepancy in 
absolute values between the calculated profile and 
that determined directly with specific labels was 
also observed for the case of membranes contain- 
ing palmitic acid [3]. In both cases the spectra 
were obtained under conditions where resonances 
associated with the methyl end of the acyl chain 
may not have been completely relaxed with respect 
to T m and this is reflected in the total spectral 
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Fig. 10. Quadrupolar splitting (~,Q) or order parameter (So: H) 
vs. carbon position for A. laidlawii (43°C), grown at 30°C, 
containing perdeuteromyristic acid: [], profile calculated from 
spectral moments; ×, data reported for dimyristoylphosphati- 
dylcholine (28) at approx. 25°C; V, profile determined from 
the calculated 90°-oriented spectrum (43°C); (O), data ob- 
tained for A. laidlawii, grown at 37°C, containing specifically 
labelled myristic acid (phase transition just completed). 



moments  and the calculated order-posit ion profile. 
Inspection of Fig. 10 reveals that membranes  

derived f rom cells grown at 37°C and 30°C have 
essentially the same quadrupolar-spli t t ings at C-4 
and C-14 in spite of  the fact that  the headgroup 
composi t ion of  the two membranes  are consider- 
ably different (Table I). 

Conclusions 

Isolated and intact cellular membranes  exhibit 
very similar 2 H - N M R  spectra for the methyl  posi- 
tion of  the acyl chains. Conclusions about  the 
organizat ion of  isolated membranes  may therefore 
be extended to intact cells. The lipids of fatty 
acid-homogeneous membranes  have a consider- 
ably narrower temperature range for the gel liquid 
crystal phase transition than do the lipids of  cells 
grown without avidin. The gel state lipid appears 
to organize into a crystalline lattice more readily 
than do lipids of  less homogeneous  membranes,  
indicating that chain length variations may affect 
the gel state organizat ion more than does protein. 
All positions of the fatty acyl chains of  the lipid 
undergo the gel to liquid crystal phase transition 
at essentially the same rate and over the same 
temperature intervals. Protein does not signifi- 
cantly alter the range of  conformat ions  available 
to the membrane  lipids as evidenced by the simi- 
larity between order-posit ion profiles for A. laid- 
lawii membrane  lipids and extracted lipids, and 
also pure phospholipid model membranes.  Protein 
appears to increase, by approx. 20%, the linewidth 
associated with the spectrum of the terminal posi- 
tion of  the lipid acyl chain as compared  to that of 
the extracted lipid. Such an effect has been re- 
ported for protein in model [30] and recombinant  
[33,34] membrane  studies and is under further 
investigation in A. laidlawii membranes.  
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