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The thermotropic phase behavior of a monoacylated neutral glucolipid (2-O-acyl,polyprenyl a-D-glucopyranoside), 
isolated from palmitate-enriched Acholeplasma lai~lawii B membranes, was studied by differential scanning calorime- 
try, infrared spectroscopy and X-ray diffraction. When equilibrated at low temperatures, aqueous dispersions of this 
lipid form an ordered, crystal-like lameilar gel phase which transforms to an inverted hexagonal phase at temperatures 
near 65 ° C upon heating. However, upon cooling from high temperatures, the inverted hexagonal phase remains stable 
down to temperatures near 45 °C. Further cooling first results in the formation of a metastable iamellar liquid 
crystalline phase at temperatures near 35 o C and then a metastable gel phase at lower temperatures. The metastahle gel 
phase, if immediately reheated at a fast scan rate, undergoes a gel/liquid-crystalline phase transition at temperatures 
near 33 ° C. These results indicate that this monoacylated glucolipid exhibits its gel/liquid-crystalline phase transition 
and its lameilar/non-lamellar phase transition at considerably lower temperatures than does the monoglycosyldiacyl- 
glycerol formed under the same conditions. When cultured in media enriched in 'high-melting' fatty acids, Acholeplas- 
ma  laidlawii B synthesizes large quantities of the 2-O-acyl,polyprenyl a-D-glucopyranoside (up to 60 tool%) mainly at 
the expense of the monoglucosyldiacylglycerol (the only other nonbilayer-forming liquid normally found in the cell 
membrane of this organism). We thus suggest that the biosynthesis of this novel glucolipid, in response to the 
biosynthetic incorporation of high-melting exogenous fatty acids, is an adaptive response designed to maintain a 
predominantly liquid-crystalline membrane lipid bilayer at the growth temperature, while retaining the high proportion 
of nonhilayer-forming glucolipid species characteristic of A.  lai_4!awii B cells cultured under these conditions. 

Introduction 

The polar hpld composition of the cell membranes of 
many organisms is under active study m many laborato- 
ries as workers mvestagate the functional basis of the 
chverslty of hpld polar headgroups found m natural 
membranes The orgamsm Acholeplasma latdlawtt has 
been particularly useful in such stu&es, since the fatty 
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ene, C--O, carbonyl, FTIIL Fourier transform infrared, MGDG, 
monoglucosyldtacylglycerol, DGDG, chglucosyl&acylglycerol, PG, 
phosphatldylglycerol 
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acid composition of its membrane can be wtdely 
mampulated [1,2] Tins enables one to study the changes 
in the hpld polar headgroup composalon of this macro- 
organism in response to the changes m membrane phase 
state and flmdlty and other parameters dependent on 
fatty acid composllaon The  A ]atdlawtt membrane usu- 
ally contains five polar hpld components, three of whtch 
(MGDG, DGDG and PG) typically comprise more 
than 85% of the total [2] In a recent report, ttus 
nucroorgamsm was shown to synthesme large quanUtles 
of an addmonal hpxd component when supplemented 
wxth palrmtlC aod and cultured under condmons of 
glucose lmutatlon stress [3] Tlus hpxd was identified as 
a 2-O-acyl,polyprenyl a-D-glucopyranosxde From an 
examination of its structure (see Ref 4 for a diagram), 
m particular the relaUvely small size of ~ts polar 
headgroup m relation to its apolar hydrocarbon chains, 
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It was expected to be a nonbdayer-forrmng lipid [3,4] 
The posslblhty that tills unusual hpld may form non- 
lamellar phases is important when viewed from the 
perspective of the many studies whxch are currently 
addressing the issue of whether or not the levels of 
bdayer- and nonbdayer-forrmng hplds m A latdlawlt 
are fmely regulated (4-9 and references cited therein) 
In our lmtlal studies of this unusual glucohpld [3], we 
reported on the chemical, enzymatic and spectroscopic 
studies used to identify ttus hpld and presented a pre- 
hmlnary dffferentml scanning calorimetric study of its 
thermotrop~c phase behavior In flus paper we present a 
more detailed study of its thermotroplc phase properties 
using dlfferentml scanning calorimetry, Fourier-trans- 
form mfrared spectroscopy and X-ray diffraction In 
particular, we show that 2-O-palmltoyl,polyprenyl a-D- 
glucopyranoslde is indeed a potent nonbdayer-formlng 
hpld and that it has a relatxvely low gel/llqmd- 
crystalhne phase transmon temperature when compared 
with the other nonbllayer-prefemng hpld species pre- 
sent m A laMlawn membrane 

Materials and Methods 

The matenal used for this study was isolated from 
the cell membrane of A lazdlawn B, which was cultured 
m a palrmtate-enrlched medium that had been previ- 
ously extracted wxth chloroform and prepared as de- 
scribed by Sdvlus and McElhaney [1] Total membrane 
hplds were extracted using the method developed by 
Bhgh and Dyer [10], and the polar lipid fraction was 
separated from the membrane carotenolds by sdlClC 
acid chromatography [1] The neutral glycollp~d, 2-0- 
acyl,polyprenyl a-D-glucopyranoslde, was subsequently 
purified by chromatography on a column of slhca gel 
The polar hpld fraction was dissolved m dry methylene 
chloride and apphed to a sxhca gel column slumed in 
the same solvent The column was developed by a 
gradient of acetomtnle m methylene chloride, and the 
fracuons contatmng the pure hpxd were pooled and 
concentrated m vacuo The pure sample was subse- 
quently dissolved m benzene and lyophyhzed Dffferen- 
tml scanmng calorimetric measurements were per- 
formed m a Perkm Elmer DSC-2C scanning calorimeter 
eqmpped with a thermal analysis data station and the 
data anlyzed using TADS software and other computer 
programs developed m this laboratory Samples were 
prepared for the DSC measurements as follows About 
3-4 mg of the dry lyophyhzed hpld was loaded into a 
large, staanless-steel sample capsule which was then 
placed on a heated stage and allowed to warm up to 
temperatures near 90 °C to facdltate the absorption of 
water by the sample At flus point 50 ml of d~stllled 
water was added, the capsule was sealed, and then 
repeatedly heated and cooled at 10 C ° / n u n  to insure 
complete hydrauon The sample capsule contalmng the 

hydrated hptd was then rapidly centrifuged in a mlcro- 
centnfuge to ensure good contact between the hpld and 
the bottom of the capsule, whereupon it was checked by 
reheating m the calorimeter At the end of the DSC 
measurements, the sample was quantified by gas chro- 
matography as described by Lewis and McElhaney [11] 
Samples for FTIR spectroscopy were prepared by 
squeezxng a paste of the hpld m D20 (1-2 mg hptd in 
50 ml D20 ) between barium fluoride plates to make a 
25 #m film which was mounted m the cell holder The 
hpld sample was then hydrated m sltu by three cycles of 
heating to temperatures near 85°C and cooling The 
infrared spectra were then recorded with a Dlgdab 
FTS-40 Fourier transform infrared spectrometer using 
the data acquisition and data processing parameters 
previously reported [12] Small-angle X-ray scattenng 
patterns were recorded with the Pnnceton SIV X-ray 
beam lines using the sample preparation and data 
acqmsltlOn methodologdes prevaously described [13] 

The concentratton of the 2-O-acyl,polyprenyl a-D- 
glucopyranoslde dispersion m H20 (or D20 ) ranged 
from about 4 wt % m the FTIR experiments to about 40 
wt % m the X-ray diffraction studies However, in all 
cases ttus glycohpld was fully hydrated, t e ,  the glyco- 
hpld molecules contained their full complement of 
bound water molecules and an excess water phase was 
present Under these circumstances the thermotroplc 
phase behavior of this material as observed by all three 
physical techmques should be, and in fact is compara- 
ble, when allowances are made for the different 'effec- 
tive scan rates' characteristic of each techmque Since 
many of the thermal events observed by calonmetry are 
broad and scan-rate dependent (1 e,  are klnetlcally 
hrmted under the conditions employed), an exact corre- 
spondence between the phase transition temperatures 
observed by DSC, which Utdlzes relatively high rates of 
temperature change (1-5 C°/mln) ,  and X-ray diffrac- 
tion and FTIR spectroscopy, where temperature changes 
between determinations are much slower, cannot be 
expected 

Results 

Dlfferentlal scanning calonrnetry 
The thermotroplc phase behavior of aqueous disper- 

sions of the 2-O-acyl,polyprenyl a-D-glucopyranoslde 
isolated from palrmtate-ennched A latdlawn B mem- 
branes is complex m that several thermotroplc events 
are observed in each heating or cooling scan Moreover, 
the thermotroptc phase behavaor observed is markedly 
different in the heating and coohng modes and, m the 
former, depends also on the thermal b_lstory of the 
sample Ttus complex behavior is dlustrated by the 
representative DSC heating and cooling curves pre- 
sented in Fig 1 Consldenng first the heating scans, the 
thermogram m Fig 1A was recorded from a sample 
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Fig 1 DSC thermograms of aqueous dlspersmns of the 2-O-acyl, 
polyprenyl a-o-glucopyranoslde isolated from palrmtate-ennched A 
latdlawtt B membranes The curves shown are not drawn to the same 
scale (A) A 5 C ° / n u n  heating scan obtmned lmmedmtely after 
coohng from high temperature (B) A 1 C " /nun heating scan ob- 
tained after prolonged mcubataon at low temperature (C) A 1 C ° /nun  

coohng scan 

winch was first rapidly cooled from a high temperature 
and the DSC heating scan Immediately begun using a 
relatively high scan rate (5 C°/mln)  In this case a 
broad endothenmc transition of relatively low enthalpy 
occurs at about 33°C followed by a relatively major 
exotherrmc event centered between 35-40 o C, winch is 
in turn followed by a sharper but asymmetnc endother- 
rmc transmon centered at 67°C In rapidly cooled 
samples immediately reheated, decreases in the heating 
scan rate employed lead to a progressive decrease in the 
areas under the lower temperature endotherrmc and 
exotherrmc peaks and a progressive increase in the area 
under the ingher temperature endothermlc peak (data 
not presented) Moreover, if the glycohpld dispersion is 
rapidly cooled to a temperature below 15 o C and held at 
tins temperature for a sufficient penod of time, the 
lower temperature thermal events disappear entirely 
from the thermogram and only the higher temperature 
endotherm remains, wbach is now clearly blmodal, and 
extublts an enthalpy change of 8 5 kcal/mol (see Fig 
1B), even if very Ingh heating scan rates are employed 
Since an exothermac event m a calonmetnc heating scan 
can be observed only under conditions where the sam- 
ple Is not lmtlally in thermodynamic eqmhbnum, it 
follows that the exotherm observed upon the rapid 
heating of unannealed samples of ttus glycohpld is due 
to the temperature-reduced conversion of a Ingher-en- 
ergy metastable state, winch was lonetlcally trapped 
upon rapid cooling, to another lower energy stable state, 
winch m turn is converted to another phase m an 
endothernuc process at Ingher temperatures Interest- 
lngly, quite sumlar calorimetric phase behavior is also 
exhablted by synthetic dlsaturated a- and fl-MGDG's, 
the former also being constituents of the A laMlawu 
membrane (see Ref 14 and unpubhshed observations) 
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In the case of these glyceroglycohplds, the stable, high- 
melting phase as a lamellar crystalline gel phase (the L c 
phase) and the low-meltmg metastable phase is another 
less ordered lamellar gel phase (the Lp phase) More- 
over, these MGDG's convert at Ingher temperatures to 
cubic or reverted hexagonal hquld-crystallme phases As 
we shall see below, the overall thermotroplc phase be- 
havior of tins 2-O-acyl,polyprenyl a-D-glucopyranoslde 
&sperslon is generally similar to that of these glycero- 
glycohpid dispersions 

The coolmg behavior of aqueous dispersions of the 
2-O-acyl,polyprenyl a-D-glucopyranoslde is illustrated 
in Fig 1C. In the coohng mode, two exotherms are 
observed, a relatively sharper, lower enthalpy (about 1 
kcal/mol) transition centered at 38 °C and a consider- 
ably broader, lugher enthalpy (4 kcal/mol) transition 
centered at 33°C The fact that both the temperature 
and the enthalpy change of the higher temperature 
thermal event observed upon cooling are considerably 
lower than those observed upon the heating of either 
the annealed or unannealed sample, suggests that there 
are differences m at least one of the polymorpinc states 
formed dunng the heating and coohng runs In pamcu- 
lar, the marked hysteresis observed for the bimodal, 
higher temperature heating transition indicates that it is 
not a 'pure' chmn-meltmg transition from the lamellar 
gel to the lamellar hquld-crystalhne state, as such 
processes do not exhibit such hysteresis [11,14-18] 
Rather, such pronounced hysteresis is characteristic of 
phospho- [11,15-18] and glyco- [14] hplds winch melt 
directly from an Lc phase to either a lamellar or non- 
lamellar hquld-crystalhne phase However, the corre- 
spondence between the temperatures of the lower tem- 
perature endotherrmc event observed upon the rapid 
heating of the unannealed sample and the lower temper- 
ature exothermlc event upon cooling from high temper- 
ature does suggest that tins thermal event is a lamellar 
cham-meltlng transition in both cases, the lower en- 
thalpy observed upon heating being due to the fact that 
a portion of the lower-melting metastable gel state has 
already converted to the tugher-meltmg stable gel state 
before or during the calormaetnc heating scan Again, 
smular thermotropic phase behavior has been observed 
calorlmetncally upon the coohng of a- and fl-MGDG 
dispersions as well (Ref 14 and unpubhshed observa- 
tions) In the case of these glyceroglycohpids, the higher 
temperature exotherm observed upon coohng is due to 
the conversion of a cubic or reversed hexagonal phase 
to a lamellar hqmd-crystalhne phase and the lower 
temperature endotherm to the conversion of the lamel- 
lar hquld-crystalhne to the metastable lameUar gel phase 
As will be shown below, essentially similar phase behav- 
ior is exhablted by the 2-O-acyl,polyprenyl a-n-gluco- 
pyranoslde dispersion studied here 

In summary, these DSC results indicate that aqueous 
dispersions of tins 2-O-acyl,polyprenyl a-D-gluco- 
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Ftg 2 Effect of temperature on the d-spacing of an aqueous dzsper- 
szon of the 2-O-acyl,polyprenyl a-D-glucopyranostde isolated from A 
latdlawn B membranes Data are shown for measurements taken m 

the heatmg mode (left panel) and m the coohng mode (right panel) 

pyranoslde can exist m any of at least four chfferent 
phase states (two gel and two hqmd-crystalhne states), 
depending upon the temperature and thermal history of 
the sample The structures of these four phase states 
were determined by the X-ray diffraction and FTIR 
spectroscoptc studies described below 

X-ray dtffractton 
In these studies, low-angle X-ray diffraction patterns 

were recorded as a functmn of temperature m both the 
heating and coohng modes The phase transitions ex- 
Inblted by tins hpld were readily detected by the tem- 
perature-dependent changes m the d-spacings (Fig 2) 
and coincided with the thermotroplc events exemphfied 
by the calortmetnc traces B and C m Fig 1 In the 
heating mode it is clear that no thermotroplc phase 
changes occur at temperatures between 0 and 55°C 
Upon heating to temperatures above 55 o C, there is first 
a dzscontmuous increase m the d-spacings, winch then 
gradually decrease with further increases m tempera- 
ture In the heating experiment, the small-angle diffrac- 
tion patterns exinblted at temperatures below 55 °C  are 
illustrated m Fig 3D and are characteristic of a highly 
ordered lamellar gel phase Tins dzffractlon pattern 
changes abruptly at the calonmetncally determined 
phase transition to one exemphfied by Fig 3A, winch is 
charactenstzc of the hqmd-crystalhne reverted hexago- 
nal phase Thus, these X-ray data estabhsh that the 
major endotherrmc transluon exinblted by fully equl- 
hbrated samples of tins glucohpld is a conversion from 
~ts stable lameUar gel phase to an reverted hexagonal 
phase 

The thermotroplc phase behawor observed by X-ray 
dlffractmn upon cooling tins unusual glycohpzd xs some- 
what more complex When cooled from lugh tempera- 
ture, the dfffractzon pattern of the reverted hexagonal 
phase persists to temperatures near 40 ° C (see Fig 2), at 
winch temperature a more complex dfffractxon pattern 
emerges (Fig 3B) The complex pattern which is ob- 
served at temperatures just above the onset of the first 
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F:g 3 Radzally integrated X-ray powder dlffractzon patterns of the 
2-O-acyl,polyprenyl a-D-glucopyranoslde isolated from A lmdlawn B 
membranes The dfffractzon patterns were acqmred m the cooling 
mode at the following temperatures (A) 45 o C, (B) 40 o C, (C) 35 o C, 

(D) 20 o C 

of the two coohng exotherms observed by DSC (see Fig 
1C), suggests that a mxxture of cubic and reverted 
hexagonal phases may be present Tlus observaUon 
seems conszstent with current ~deas winch suggest that 
cubic phases may be mtermedmtes between lamellar 
and reversed hexagonal phases (Refs 19-21 and refer- 
ences cited thereto) Upon further coohng to tempera- 
tures near 35 o C, there is an abrupt change tn diffrac- 
tion pattern to that lnchcatwe of a hqmd-crystallme 
lamellar phase (Fig 3C), and this clearly identifies the 
weakly energetic exotherrmc event observed upon cool- 
mg (see Fig 1C) as a non-bdayer /bdayer  transmon 
The lamellar phase formed upon coohng of these hpzds 
to temperatures near 35°C does not extublt the strong 
wMe-angle reflectxons wluch would be lnchcauve of long 
range order (data not shown) Thus, these observauons 
are consistent with the formauon of a lameUar phase 
with melted hydrocarbon chams (1 e ,  a hqmd-crystal- 
line phase) when the sample is cooled to temperatures 
near 35 ° C  At lower temperatures, the dfffractmn pat- 
terns indicate that the hp~d remams m a lamellar phase 
(Fig 3D) However, at the completzon of the mam 
cooling exotherm observed calorlmetrlcally, there zs a 
sharp decrease m the d-spacing (Ftg 2) and the ap- 
pearance of wide angle reflectzons mdzcatlve of long 
range order (data not shown) These observatxons are 
consistent with the formation of a sohd phase with 
ordered polymethylene chains and identify the broad 
coohng exotherm centered at 33°C as a lameUar 
hquld-crystalhne/gel phase transition 
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Fig 4 FTIR spectra of the hagh-temperature (upper trace) and 
low-temperature (lower trace) phases of the 2-O-acyl,polyprenyl a-D- 
glucopyranoslde isolated from A lmdlawn B membranes The data 

shown are absorbance spectra between 1800 and 1300 cm-a 
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Fig 5 Infrared spectra of the carbonyl stretching region of the 
low-temperature (left panel) and high-temperature (right panel) phases 
of the 2-O-acyl,polyprenyl a-D-ghacopyranoslde isolated from A 
laMlawu B membranes The normal spectra are shown by the sohd 
hnes whale the dashed hnes show the same spectra after resohatton 

enhancement by Fourier self-deconvohatlon 

Fourier-transform infrared spectroscopy 
In these infrared spectroscopic studies high quahty 

data were obtained only for the reversed hexagonal 
phase observed at high temperature and the stable low- 
temperature gel state obtained upon equlhbration of 
this hpid at low temperatures We found that the recta- 
stable gel and hquld-crystalhne phases detected m the 
DSC cooling experiments are too unstable to be charac- 
termed in a pure state under our experimental condi- 
tions When cooled from high temperatures to tempera- 
tures m the range of the coohng exotherms observed 
calorimetrlcally, complex spectra that were obviously of 
mtxtures of many phases were obtained (data not 
shown) This is attributable to the fact that, unhke the 
samples used for the DSC measurements, FTIR samples 
could not be cooled quickly enough to klnetIcally trap 
pure forms of any of the metastable phases identified in 
the DSC and X-ray expertments 

The spectra of the reversed hexagonal phase and the 
stable lamellar gel phase of this hpid showed sigrttficant 
differences in the region encompassing the methylene 
stretching vabraUonal modes (2800-3000 cm -t,  not 
shown here) as well as m the region of the spectrum 
encompassing the C=O stretching and the methylene 
deformaaon modes (1800-1300 cm -i,  Fig 4) The sta- 
ble gel exhibits a very sharp methylene symmetric 
stretching band at 2849 cm -1, and upon heating to 
temperatures above 65 ° C, the band broadens and shifts 
to a higher frequency (2852 cm - i )  This type of change 
typifies the increase m eonformational disorder which 
occurs when all-trans polymethylene chains melt [15,16], 
and indicates that the thermotroplc events oceumng 
near 65°C mchide a chain-melting transmon Fig 4 
also shows that the conversion of the stable gel phase to 
the reversed hexagonal phase also involves considerable 
broadening of the C=O ester stretching bands (1700- 

1750 cm-1), the CH 2 SClSsonng band (1468 cm-1), the 
a-CH 2 bending band (1418 cm- 1) and the CH 3 umbrella 
bands (1378 cm -1) These changes are all indicative of 
increases in the moblhty of both the hydrophoblc and 
mterfaoal dommns of this hpid and are consistent with 
the conversion from a highly ordered sohd state to a 
melted state Of added interest here is the fact that, at 
the transition temperature, there are no significant 
changes in the frequency of the C H  2 scissoring band, 
even though this phase transition evtdently involves the 
melting of a highly ordered crystalhne structure With 
most dlacyl glycerohplds, one can usually obtain refor- 
mation about the type of chain packing and about the 
type of lateral interactions between the hydrocarbon 
chains from changes in the frequency of this band 
[22,23] With this particular hpld, such frequency shifts 
were not observed because the highly branched chain of 
the aglycone moiety (see Refs 3,4) probably cannot 
interact with the unbranched fatty acyl chain In ways 
wbach would give rise to either factor group sphtting of 
the scissonng band or to increase m its frequency The 
latter changes are typical of orthorhombic and tnchmc 
paclong, respectively [24,25], and have been observed m 
gel state bilayers formed from phospho- and glycohpids 
contaimng two linear saturated polymethylene chains 

A more detailed look at the C--O stretching bands 
between 1700 and 1800 cm -1 (Fig 5) reveals other 
interesting aspects of this unusual glucohpid In the 
high-temperature phase, a broad asymmetric carbonyl 
stretching band is observed Upon resolution enhance- 
ment, two components with maxima at 1743 and 1720 
cm -a are clearly resolved (Fig 5) Unhke the more 
common dlacyl glycerohpids, however, these two com- 
ponents cannot be ascribed to the presence of two 
distinct ester carbonyl groups, since this particular glu- 
cohpld only contains one fatty acyl group per molecule 
[3,4] Here, it should also be noted that the frequencies 
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of the two components are lower than 1748 cm -1, the 
C=O stretching frequency of neat anhydrous trlacetln 
[26] Since hydrogen bonding to the carbonyl oxygen is 
known to shift the C=O stretching band to lower fre- 
quencies [27], it seems reasonable to suggest that the 
two components observed may arise either from sep- 
arate populations of free and hydrogen-bonded ester 
carbonyls, or even from populations of hydrogen ester 
carbonyls differing in the type of hydrogen bond formed 
F~g 5 also shows that the formation of the stable gel 
phase of this hpld comodes with the appearance of 
three narrow bands centered at 1738, 1726 and 1714 
cm-1 The formation of these very sharp C=O stretch- 
ing bands, coupled with the general shift to lower 
frequencies, indicates that the formation of the low-tem- 
perature phase involves considerably stronger hydrogen 
bonding of the ester carbonyl along with an effective 
~mmoblhzatlon of that carbonyl ester group These 
changes are consistent with the formation of a highly 
ordered crystalhne structure Moreover, the fact that 
there are three hydrogen-bonded carbonyl ester bands 
in the infrared spectrum also suggests that the lipid has 
crystalhzed into a complex structure in which there are 
at least two vibratlonally lnequlvalent hpld molecules 
per umt cell The multlphclty of C=O stretching bands 
observed m the stable crystalhne phase is probably a 
reflection of the lnequlvalence in the hydrogen bonding 
mteractmns between the ester carbonyl group and pro- 
ton donor arismg from the solvent phase and /or  hy- 
droxyl groups on the sugar headgroup 

Discussion 

The results presented here demonstrate that the ther- 
motroplc phase behavior exhibited by aqueous disper- 
sion of the 2-O-acyl,polyprenyl a-D-glucopyranoslde 
isolated from palnutate-ennched A lmdlawn B mem- 
branes depends critically on the thermal history of the 
sample If dlspersmns are annealed at low temperature, 
a highly ordered lamellar gel phase is formed which 
undergoes cham-meltmg and concomitant conversion to 
the hquld-crystalllne reversed hexagonal phase only at 
relatively high temperatures In contrast, if dispersions 
of this glycohpld are not exposed to low temperature, a 
less ordered metastable gel is formed which converts 
first to a hquld-crystalhne lamellar and then to a re- 
versed hexagonal phase at much lower temperatures 
The question then arises as to whether the thermotroplc 
phase behavior of the stable or metastable gel state is 
more relevant to the physical properties of this glyco- 
lipid in palnutate-enrlched A latdlawtt membranes We 
beheve that the therrnotroplc phase properties of the 
metastable gel phase are most relevant m this regard for 
several reasons One reason is that the A latdlawtt 
culture from which this hpld was derived was grown at 

a constant temperature of 37°C (the optimal growth 
temperature for palrmtlC acid-supplemented cultures) 
Therefore, the low-temperature nucleation reqmred to 
lmtmte the formation of the stable gel state cannot 
occur Another reason is the presence of the other polar 
hplds normally present m the A lmdlawn membrane, 
which would be expected to inhibit the formation of 
highly crystalhne gel states by Introducing composl- 
uonal heterogeneity into the membrane lipid bllayer 
For these reasons we consider only the thermotropic 
phase behavior of dispersions which have not been 
exposed to low-temperature annealing in our discussion 
of the physmlogtcal relevance of the presence of this 
hpld in the A latdlawn membrane 

In this study and m previous work m which this hpid 
was first isolated and identified [3], we found that when 
A lmdlawn B is cultured in palnutate-supplemented 
media at 37°C, it synthesizes large quantities of the 
2-O-acyl,polyprenyl a-o-glucopyranoslde mainly at the 
expense of the MGDG normally found m the mem- 
brane Our physical studies with pure syntheUc a-o-glu- 
cosyl dlacylglycerols (unpubhshed expenments from this 
laboratory) indicate that the gel/hqmd-crystalhne phase 
transition of the MGDG which would be synthesized 
under these condmons (mainly dlpalnutoyl-a-D-gluco- 
syldlacylglycerol) occurs near 57 °C Clearly, the accu- 
mulation of such a high-melting MGDG component in 
the membrane could be deleterious to the nucro- 
orgamsm, since it would result in the formation of 
appreciable amounts of gel-state hpid at the optimal 
growth temperature 37 o C, which would m turn inhibit 
cell growth [28,29] However, in this study we demon- 
strate that the metastable gel phase of the 2-O- 
acyl,polyprenyl a-D-glucopyranoslde melts at tempera- 
tures near 33°C Thus, the biosynthesis of this hpld m 
preference to the higher-melting MGDG would enable 
this ~orgamsm to mmntain a predonunantly liquid-crys- 
talline membrane at its growth temperature, while at the 
same t~me malntatmng, or even increasing, the levels of 
nonbflayer-forrmng hplds which may be essential for its 
normal growth under these conditions [5,6] We, there- 
fore, suggest that the partial replacement of the MGDG 
with the 2-O-acyl,polyprenyl a-D-glucoslde may be an 
adaptive blochemtcal response to the biosynthetic incor- 
poration of higher melting fatty acids from the growth 
medmm As was observed m the lmtml studies of this 
glucohpid, this faohty is not lmuted to A lmdlawtt B 
cultured m palnutate-ennched medm, since the ap- 
propriate 2-O-acyl,polyprenyl a-D-glucopyranoslde is 
also synthesized when the orgamsm is cultured in media 
supplemented with high-melting lsoacyl and c0- 
cyclohexyl fatty acids, where a predominantly hquld- 
crystalhne membrane can also be mamtmned at 37 °C 
(unpubhshed experiments from this laboratory) 

In the imtlal studies, m which this lipid was first 
isolated and characterized [3], we found that high levels 



of this hpld were only synthesized when the orgamsm 
was cultured under conditions of glucose-hnutauon 
stress We now find that when cultured in palnutate-en- 
nched media, the A latdlawtt B membrane contaans up 
to 60 mol% of this glucohpld even when the orgamsm is 
cultured with normal levels of glucose Tins obvious 
chfference between these and our earher observations 
may either be the result of some metabolic changes in 
the orgamsm itself or of undefined changes m the 
culturing conditions Of the two possibilities, we suspect 
that the latter is the more hkely, since we find no 
difference in the behaviour of 'old'  seed cultures and 
the ones we currently use 

The unambiguous demonstration that tins glucohpld 
is indeed a potent nonbllayer-formmg hpld is relevant 
to the question of whether or not the relative amounts 
of bdayer- and nonbllayer-fornung hplds in natural cell 
membranes are regulated so as to produce a constant 
'nonbllayer-fornung tendency' It has been postulated 
that all Inologtcal membranes must maintain a certam 
balance of bdayer-prefernng and nonbdayer-prefernng 
hplds in order to ensure the optimization of bllayer 
stablhty and membrane functlonahty [5-8] Our ob- 
servation that when cultured in media enriched m high- 
melting fatty acids, A latdlawtt B synthesizes tins gluco- 
hpld mainly at the expense of M G D G  Is generally 
compatible with such ideas when viewed from two 
perspectives Firstly, the 2-O-acyl,polyprenyl a-D-gluco- 
pyranoslde is a more potent nonbdayer former than the 
M G D G  it replaces, since its bdayer /nonbdayer  transi- 
tion Is a b d a y e r / H  n transition occurnng at 39°C, 
whereas the bdayer /nonbdayer  transition of the di- 
palmltoyl M G D G  is a bl layer/cublc transition occur- 
nng at 7 9 ° C  (unpubhshed expertments from tins 
laboratory) Thus, its relative increase upon supplemen- 
tation with Ingh-meltlng fatty acids, winch tend to in- 
crease the bdayer /nonbl layer  transition temperature, is 
correctly predicted Secondly, the biosynthetic function 
of this glucohpld occurs mainly at the expense of the 
M G D G  component, the only other nonbdayer-formmg 
lipid normally found in A laldlawtt B membrane Tins 
also seems compatible with the postulated regulation of 
lipid phase tendency, since in tins case one nonbllayer- 
preferring lipid is partially replaced by another, albeit a 
more potent one Nevertheless, the question of whether 
or not the actual bdayer /nonbl layer  transition temper- 
ature of the total membrane hpld rntxture Is maintained 
constant under these ctrcumstances remains to be de- 
ternuned However, the fact that palmltate-enrlched A 
latdlawn B can grow and function normally even when 
its membrane contains as much as 70 mol% of two 
nonbdayer-fornung hplds (tins hpld and MGDG),  
whereas membranes from oleate-ennched cells contaxn 
only about 30 mol% M G D G  and no monoacylated 
glycohpid, does indicate that tins organism has consid- 
erable flexablhty as regards the structures, absolute 
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amounts and relative potencies of the nonbdayer-for- 
mlng hplds that it can safely accommodate in its mem- 
brane 
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