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ABSTRACT. A new membrane lipid, monoacyldiglucosyldiacylglycerol (MADGICDAG), was recently
discovered irAcholeplasma laidlawistrain A-EF22, demanding a new study of the biosynthetic regulation,
and the phase behavior, of the glucolipids in this organism. The only liquid-crystalline phase formed by
MADGIcDAG is a reversed hexagonal phasa. laidlawii A-EF22 synthesizes four lipids that have the
ability to induce the formation of reversed nonlamellar phases: MADGIcDAG, monoglucosyldiacylglycerol
(MGIcDAG), monoacylmonoglucosyldiacylglycerol (MAMGIcDAG), and diacylglycerol (DAG). Ca

value of approximately 16 seems to be a critical value for the fractions of these lipids in the membrane:
the fractions of MADGIcDAG and MGIcDAG are largest when tBgvalues are lower than 16, while

the fractions of MAMGIcDAG and DAG are largest when f@gvalues are higher than 16. The fraction

of nonlamellar-forming lipids was 55 mol % when tlg value was 14.8 and the degree of unsaturation
was 33 mol %. This fraction was reduced to 7 mol % whenGhe&alue and the degree of unsaturation
were increased to 17.8 and 92 mol %, respectively, i.e., at conditions that markedly favor the formation
of reversed nonlamellar phases. These observations convincingly show that a balance between lamellar-
and nonlamellar-forming lipids is maintained in the membrane and strongly support the validity of the
lipid regulation model proposed by us. From earlier biochemical data, obtained with short acyl chains,
that were difficult to reconcile with our regulation model, it could be predicted that a lipid ought to be
synthesized that assists MGICDAG to maintain the nonlamellar-forming properties with the short chains.
It is shown in the present work that this lipid is MADGIcDAG and that the regulation of the balance
between lamellar- and nonlamellar-forming lipids is even more complex and sophisticatddiciawii
A-EF22 than previously proposed.

Acholeplasma laidlawiis a well-studied organism con- It has been hypothesized and experimentally supported
cerning the regulation of its lipid composition and the (Lindblom et al., 1986; Wieslander et al., 1980) that
physicochemical properties of its membrane lipids laidlawii strain A-EF22 regulates the membrane lipid
(McElhaney, 1992; Rilfors et al., 1993). This cell-wall-less composition in order to maintain a proper balance between
prokaryotic organism is a parasite and must have the ability the lipids forming a lamellar liquid-crystalline {)* phase
to adapt to different growth conditions. A common way to and the lipids forming reversed nonlamellar phases. The only
respond to varying growth temperatures is to regulate thelipid known at that time to have the property to form
degree of unsaturation of the acyl chains of the lipids (Hazel Nonlamellar phases was 1,2-diacy8{a-p-glucopyrano-

& Williams, 1990; Morein et al., 1996; Suutari & Laakso, SYl)-srrglycerol (MGIcDAG) (L in Figure 1) (Lindblom et
1994). A. laidlawii lacks the ability to produce unsaturated &l-» 1986; Wieslander et al., 1978). The other dominant lipid

fatty acids (Panos & Rottem, 1970), and saturated fatty acids
are synthesized in very limited amounts when the organism * Abbreviations: MGIcDAG, 1,2-diacyl-®-(a-p-glucopyranosyl)-
is grown in a thoroughly lipid-depleted medium. Thus, at Stglycerol; DGICDAG, 1,2-diacyl-39-[a-D-glucopyranosyl(t-2)-O-
Ieagst one fatty acid gmlJyst pbe sup lemented to the growth %2:gtucopyranosylisnglycerol; MAMGICDAG, 1,2-diacyl-30-{6-O-

L oné fatty pp _ I 9 acyl(a-p-glucopyranosyl)ksnglycerol; MADGICDAG, 1,2-diacyl-30-
medium in order for the cells to growA. laidlawii exploits [a-p-glucopyranosyl(-2)-O-(6-O-acyl--p-glucopyranosyl)Jsn-
another mechanism to adapt the physicochemical propertiesglycerol; DAG, 1,2-diacylglycerol; GPDGICDAG, 1,2-diacylG-
of the membrane lipid bilayer to changes in the environ- 2YCerophosphoryl-6-(a-b-glucopyranosyl(-2)-0-a-p-gluco-

or P yer « g _ pyranosyl)]srrglycerol; MABGPDGICDAG, 1,2-diacyl-39-[glycero-
mental conditions, namely, altering the proportion between phosphoryl-60-(a-b-glucopyranosyl(-2)monoacylglycero-
the polar head groups of the lipids (McElhaney, 1992; Rilfors Phosphoryl-60-a-p-glucopyranosyl)lsnglycerol; PAGIc, 10-poly-

t al., 1993) prenyl-20-acyl-o-p-glucopyranoside; PG, phosphatidylglycerol; PE,
etal, : phosphatidylethanolamine; 14:0, myristic acid; 16:0, palmitic acid; 18:
0, stearic acid; 20:0, arachidic acid; 16:1c, palmitoleic acid; 18:1c, oleic
acid; 18:1cd,, a-deuterated oleic acid;,, average acyl chain length;

T Supported by the Swedish Natural Science Research Council and'H,0, deuterium-depleted water;z,Lnormal micellar solution phase;

The Knut and Alice Wallenberg Foundation. Lo, reversed micellar solution phase,,Uamellar liquid-crystalline
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Ficure 1: Structures of the glucolipids and the phosphoglucolipids
synthesized byA. laidlawii, strain A-EF22. 1, MGIcDAG,; 2,
MAMGIcDAG; 3, DGIcDAG; 4, MADGIcDAG,; 5, GPDGIcDAG;

6, MABGPDGIcDAG.

in A. laidlawii is 1,2-diacyl-30-[a-D-glucopyranosyl(3-2)-
O-a-p-glucopyranosylknglycerol (DGICDAG) @ in Figure
1), which forms solely lamellar gel and,Lphases at all

temperatures and with all acyl chain compositions (Eriksson

etal., 1991; Lindblom et al., 1986; Wieslander et al., 1978).
It was early shown thaf. laidlawii A-EF22 varies the
fractions of MGICDAG and DGIcDAG in relation to the
prevailing growth conditions [see Rilfors et al. (1993)].

Studies of the phase properties of one of the triacylglucolipids

in A laidlawii A-EF22, 1,2-diacyl-39-[6-O-acyl(o-D-gluco-
pyranosyl)]snglycerol (MAMGIcDAG) (2 in Figure 1),
revealed that this lipid forms a reversed micellar solution

(L2) phase when its acyl chains are in the melted state

(Lindblom et al., 1993). The fraction of MAMGICDAG is
largest under conditions when MGICDAG has a lower ability
to form reversed nonlamellar phases, and MAMGIcDAG
therefore seems to assist MGIcDAG in maintaining the
balance between bilayer- and nonbilayer-forming lipids.
Thus, the basic idea in our lipid regulation model still
appeared to be valid.

An analogue of MAMGIcDAG was recently discovered
in A. laidlawii A-EF22, and its structure was determined to
be 1,2-diacyl-39-[a-D-glucopyranosyl(1-2)-O-(6-O-acyl-
o-D-glucopyranosyl)ksnglycerol (MADGIcDAG) @ in Fig-

Andersson et al.

Table 1: Degree of Unsaturation and Average Acyl Chain Length
of Total Lipid Extracts fromA. laidlawii Strain A-EF22 Used for
the Study of Regulation of the Membrane Lipid Composition

fatty acids supplemented

to the growth medium uM/uM UFA? C°
14:0/16:1c 75175 47.8 150
14:0/16:1c 75175 48.6 15%1
14:0/16:1c 110/40 33.1 14.8
16:0/16:1c 0/150 85.3 16,6
16:0/16:1c 0/150 86.0 169
16:0/16:1c 10/140 79.8 161
16:0/16:1c 30/120 74.8 160
16:0/16:1c 75175 43.8 16,0
16:0/16:1c 75175 61.0 160
16:0/16:1c 75175 56.6 16,0
16:0/16:1c 100/50 29.3 16.0
16:0/16:1c 120/30 30.6 16,0
16:0/16:1c 120/30 26.0 160
18:0/18:1c 0/150 92.0 177
18:0/18:1c 0/150 79.6 17%4
18:0/18:1c 0/150 77.6 173
18:0/18:1c 75175 50.5 176
18:0/18:1c 75175 43.9 17%4
18:0/18:1c 75175 42.6 17.3
18:0/18:1c 120/30 34.9 127
18:0/18:1c 120/30 42.1 1%5
20:0/18:1c 75175 54.3 188
20:0/18:1c 75175 62.0 182

aUnsaturated fatty acids (mol %) Average acyl chain length.

formation of, reversed nonlamellar structures, and the role
of each one of these lipids in the regulation mechanism will
be discussed. In particular, it is argued that the results
obtained for MADGICDAG strengthen the validity of the
lipid regulation model.

MATERIALS AND METHODS

Organism and Growth Conditions. . Aaidlawii A-EF22
was grown in a lipid-depleted bovine serum albumin/tryptose
medium (Rilfors, 1985), where the tryptose had been
prepared with an improved lipid-depletion procedure (Niemi
etal., 1995). This further reduced the endogenous production
of saturated fatty acids by the organism. For the lipid
regulation studies the saturated fatty acids, myristic (14:0),
palmitic (16:0), stearic (18:0), and arachidic (20:0) acid, and
the unsaturated fatty acids, palmitoleic (16:1c) and oleic (18:
1c) acid, were supplemented to the medium from sterile
ethanol stock solutions. The acids were supplemented in
the proportions shown in Table 1. The cultures were grown

ure 1) (Hauksson et al., 1995). Neither the phase behaviorat 37 °C and were adapted to the different fatty acid

of MADGIcDAG nor the metabolic regulation of the fraction
of this lipid has been investigated before. Moreover,
MADGIcDAG has probably contaminated MGICDAG in

supplementations by at least five consecutive daily inocula-
tions. The growth of the cultures was followed by measuring
the turbidity at 540 nm to make sure that each one of the

several of our earlier biochemical as well as physicochemical cultures was harvested in the late logarithmic growth phase.
investigations (Hauksson et al., 1995). The main purposesit has earlier been observed that the growth phase influences
of the present work are therefore to determine how the the polar head group composition of the membrane lipids

incorporation of exogenously fed fatty acids of different

(Wieslander & Rilfors, 1977; Christiansson & Wieslander,

lengths and degrees of unsaturation influences the relativel978). In the two cultures that included large fractions of

amounts of MADGIcDAG and MGIcDAG synthesized by
A. laidlawii A-EF22 and to study the phase equilibria of the
two lipids. The present work is of crucial importance for

saturated fatty acids, namely, 16:0/16:1c (120{3@/uM)
and 18:0/18:1c (120/3@M/uM), cell lysis occurred at ORq
values of about 0:30.4. Therefore, we ensured that these

our proposed lipid regulation model and further emphasizes cultures were harvested before lysis occurred. All of the
the complexity of the regulation mechanism in this simple cultures were studied in a phase contrast light microscope
bacterium. It is now established that this organism synthe- to ensure that no contaminants were present. The volume
sizes four lipids having the ability to form, or to induce the of each culture was 36400 mL, and the growth time varied
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Ficure 2: HPLC chromatograms of two total lipid extracts frofn laidlawii A-EF22. Chromatographic conditions were as described
under Materials and Methods. (A) Cells grown with 16:0/16:1c (120/30uM), giving C, values of 16.0 and 30.6 mol % unsaturated
acyl chains. (B) Cells grown with 14:0/16:1c (75/7BW/uM), giving C, values of 15.1 and 47.8 mol % unsaturated acyl chains. The
peaks correspond to the following lipids: 1, DAG; 2, MAMGIcDAG; 3, MGIcDAG; 4, MADGIcDAG; 5, DGICDAG; 6, PG; 7,
MABGPDGIcDAG; 8, GPDGIcDAG. The peak X in chromatogram is an unidentified lipid.

from 16 to 24 h depending on the fatty acid mixture. The anionic lipids were eluted with methanol. Preparative thin-
cultures were harvested by centrifugation at 11g3@0and layer chromatography (TLC) was further used to separate
5 °C for 45 min and washed once wifhbuffer (Christian- the glucolipids (Hauksson et al., 1995) and GPDGIcDAG
sson & Wieslander, 1978), and either the cells were stored[chloroform/methanol/water (55:35:5 by volume)]. The
at —40 °C or the membrane lipids were immediately lipids were eluted from the gel as described previously
extracted from the cells. (Lindblom et al., 1986). Divalent cations were removed and
For the purification of MGIcDAG, DGIcDAG, MADG- exchanged for sodium ions by a modified version (Rilfors
IcDAG, and 1,2-diacyl-39-[glycerophosphoryl-8-(o.-D- et al.,, 1994) of the procedure described by Smaal et al.
glucopyranosyl(#-2)-O-o-b-glucopyranosyl)sn-glycerol (GP- (1985). The purity of the lipids was checked on TLC plates
DGIcDAG) (5in Figure 1),A. laidlawii A-EF22 was grown and was determined to ke97% for MGICDAG, =99% for
in the same medium as described previously. The mediumDGIcDAG, =98% for MADGIcDAG, and=97% for GP-
was supplemented with 12450uM a-deuterated oleic acid DGIcDAG by the use of a charring agent (Ziminski &
(18:1d;). 18:1cd, was synthesized according to Tulloch Borowski, 1966) and proper references. The preparative
(2977). The cell cultures were grown at 3G and were TLC purification method was checked by high-performance
adapted to growth with 18:1d, by five consecutive daily  liquid chromatography (HPLC), and the same, or a higher,
inoculations; these cultures were studied in a microscope asdegree of purity was obtained.
described previously. The volume of each culture wag.5 Polar Head Group and Acyl Chain Composition$he
L, and the growth time was 224 h. The cells were acyl chain compositions of the lipid extracts were quantified
harvested and washed as described previously and stored &ty converting the acyl chains to their methyl ester derivatives
—40°C. The cell pellets were pooled to achieve two batches, and by analyzing them with gadiquid chromatography
each corresponding to 30 L of cell culture. (GLC) as described previously (Rilfors et al., 1978; Rilfors,
Lipid Extraction. A laidlawii has all of its lipids located  1985). The GLC analyses were performed with a Varian
in its cytoplasmic membrane (Razin, 1978). The frozen cell Instruments, model 3700, apparatus connected to an integra-
pellets were thawed and extracted twice with chloroform/ tor and equipped with a polar SP-2330 column (length, 180
methanol (2:1 by volume) and once with methanol, by cm; inner diameter, 0.13 cm) from Supelco Inc. (Bellefonte,
agitation at room temperature. The lipid extracts were then PA). The average chain lengths and the degrees of unsat-
applied to a Sephadex G-25 Fine column to remove all uration were calculated after the response factors had been
nonlipid contaminants (Wells & Dittmer, 1963). obtained from standard reference mixtures (Larodan Fine
Purification of MGIcDAG, DGIcDAG, MADGIcDAG, and  Chemicals, MalmpSweden).
GPDGIcDAG. The two batches of lipid extracts were each ~ The polar head group compositions were analyzed by
applied to a silica gel (Bio-Sil HA 325 mesh, Bio-Rad HPLC as described in Arnoldsson and Kaufmann (1994).
Laboratories, Richmond, CA, or silica gel 60, 23600 The peaks in the chromatogram were assigned by comparing
mesh, Merck, Darmstadt, Germany) column. Pigments, their retention times with those of purified laidlawii lipids.
neutral lipids, and free fatty acids were eluted with chloro- A good separation was obtained between all the lipids
form, the glucolipids were eluted with acetone, and the synthesized b. laidlawii A-EF22 (Figure 2). The analyses
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were performed with a LiChrosphere 100 DIOL (250 mm by a Eurotherm B-VT 2000 unit. A temperature calibration
x 4.6 mm, 5um particle size) column (dihydroxypropyl- curve was made on the standard setting from which the
silica, Merck, Darmstadt, Germany). The column was desired temperatures were calculated. At each temperature
enclosed in a water jacket connected to a circulating the sample had at least 30 min of equilibration time before
thermostated water bath held at@. The system consisted the acquisition started.
of an HPLC pump from LDC (model CM 4000, Milton Roy, Computational ProceduresData files were converted
Riviera Beach, FL) and an injector, model 7125, with a 10 with a home-written Fortran program into a format suitable
uL injection loop from Rheodyne Inc. (Cotati, CA). The for the program Felix (Hare Research Inc., Woodinwill, WA).
detector (evaporative light-scattering principle) used was a The free induction decays (FIDs) in this format were
Sedex 45 (S.E.D.E.R.E,, Vitry/Seine, France). The flow rate fractionally left shifted by the use of a home-written program
was 1 mL/min with a linear gradient from 100% of eluent FRLS. The FIDs were processed according to the following
A (hexane/isopropanol/butanol/tetrahydrofuran/isooctane/ scheme: an appropriate left shift was performed; the file
water, 64:20:6:4.5:4.5:1 by volume, including 180 mg of sjze was set to 512 points (or more depending on the lifetime
NH4AC/L) to 100% of eluent B (isopropanol/butanol/tetra- of the echo) and was followed by a zero-filling to 2048
hydrofuran/isooctane/water, 75:6:4.5:4.5:10 by volume, in- points; a line-broading of 50 Hz was applied, and the FID
cluding 180 mg of NHAc/L). The detector temperature was was finally Fourier transformed. Care was taken to start the
97 °C, and the inlet nebulizer pressure was set to 1.6 bar. Fourier transform exactly at the top of the quadrupole echo.
Processing of chromatographic data was done with the x_ray Diffraction. The X-ray measurements of MADG-
Gynkosoft Chromatography Data System (Gynkotek, Germ- |cpAG and MGICDAG were performed at Station 8.2 at the
ering b. Minchen, Germany). The polar head group paresbury Laboratory (Cheshire, U.K.) using a monochro-
composition of each lipid extract was quantified by at least matic beam of wavelength 1.5 A. The small-angle powder
four analyses. diffraction patterns were recorded electronically by means
A mixture of MAMGICDAG, DGICDAG, MADGICDAG,  of a quadrant detector (Towns-Andrews et al., 1989) situated
1-palmitoyl-2-oleoyl-phosphatidylglycerol (POPG), and GP- 1 5 m from the sample position. Immediately before the
DGIcDAG was analyzed in order to determine their molar ijtfraction experiment the samples were brought from flame-
response factors. POPG was obtained from Avanti Polar segled glass tubes and placed between then mica sheets held
Lipids (Bimingham, AL), and a preparation of MAMGICDAG  py a copper spacer. The sample temperatures were thermo-
from Lindblom et al. (1993) was used. When the area % statically controlled by mounting the samples on a modified
values were plotted versus the lipid concentrations (total lipid mjcroscope cryostage (Linkam, U.K.) and monitoring the

r = 0.98, or better, was obtained for each of the five lipids. agjacent to the beam.

The molar response factors for MGIcDAG and 1,2-diacyl-
3-O-[glycerophosphoryl-89-(a-p-glucopyranosyl(32)- RESULTS
monoacylglycerophosphoryl-6-a-p-glucopyranosyl)lsn ) )
glycerol (MABGPDGICDAG) 6 in Figure 1) were interpolated ~ Acyl Chain Length and UnsaturationThe degree of
from a plot of response factors versus retention times. The incorporation of the exogenously supplied fatty acids into
average molar response factors were calculated to be 0.4ghe membrane lipids oA. laidlawii was generally 8698
+ 0.056 f = 6) for MAMGICDAG, 0.51 4 0.045 f = 6) mol %. Exceptions to this high degree of incorporation were
for MGICDAG, 0.93+ 0.058 f = 6) for MADGICDAG, obtained when the organism was grown with 180 18:1c
1.0 for DGICDAG, 2.1+ 0.17 ( = 6) for POPG, 3.1+ or 150uM 16:1c; the lowest degrees of incorporation were
0.14 ( = 6) for MABGPDGICDAG, and 4.0+ 0.27 (1 = 77. and 30 mol %, respectively. In the case with 16:1c this
5) for GPDGICDAG. Since the fraction designated DAG acid was elongated to 18:1c. In Table 1 the range of the
also includes other molecules (see Results), this fraction isacy! chain lengths and the degrees of unsaturation of the
presented as area % values. lipid extracts used in the lipid regulation studies are
Sample Preparation folH NMR Studies.The lipids (20~ presented.
25 mg) were dried in an 8 mm outer diameter glass tube in  The acyl chain compositions of the two lipid batches used
a stream of Mand then dried to constant weight in vacuum. to purify the glucolipids and GPDGICDAG are shown in
After the addition of 5%, 10%, 15%, or 20% (wt/wt) Table 2, and itis seen that the compositions are very similar.
deuterium-depleted watertH,0) (Fluka, Chemika-Bio-  The acyl chain compositions of the purified glucolipids are
Chemika, Buchs, Switzerland) the tubes were flame-sealed,also presented. It can be noted that MADGICDAG contains
and lipids and water were mixed by extended centrifugation. @ larger fraction of short saturated chains (lauric acid,
The samples were freez¢hawed for ten cycles to ensure tridecanoic acid, and myristic acid) compared to MGICDAG
that they were completely equilibrated. and DGIcDAG. IfA. laidlawii synthesizes MADGICDAG
2H NMR Spectroscopy?H NMR spectroscopy was carried  from DGIcDAG, the third acyl chain probably consists
out on the lipid samples at the frequency 76.77 MHz on a preferentially of the short saturated chains. DGIcDAG
Bruker AMX2-500 spectrometer. A selective high-power contains the largest fraction of 18:1c and has the highest
probe, tuned to deuterium with an 8 mm horizontal solenoid average acyl chain length. These differences in the incor-
coil (500/8/X, Cryomagnetic Systems Inc., Indianapolis, IN) poration of different fatty acids are in accordance with earlier
was used. A phase-cycled quadrupolar echo pulse sequenceesults (Hauksson et al., 1995).
(Davis et al., 1976) was used, havingt® pulse length of Polar Head Group Composition. .Aaidlawii is forced
6.4 us and a 46-50 us pulse separation. Between 40 000 to change its polar head group composition according to the
and 70 000 scans were collected for each temperature withphysicochemical properties of the fatty acids supplied to the
a recycle time of 0.15 s. The temperature was controlled growth medium. The cells incorporate the acids into
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Table 2: Acyl Chain Composition of Total Lipid Extracts and Purified Lipids frémaidlawii Strain A-EF22 Used for the Investigation of

Phase Equilibria

acyl chain 12:0 13:0 14:0 15:0 16:0 17:0 18:0 18:1c 2nd SFA° UFA° Cd
batch 1 0.7 1.0 5.8 3.8 9.8 0.5 0.6 75.9 19 22.2 75.9 617.3
batch 2 2.6 1.7 6.7 3.4 7.1 0.3 0.3 76.0 1.9 221 76.0 417.2
MGIcDAG® 0 17 9.5 7.7 19.1 12 0.8 58.3 17 40.0 58.3 16.9
DGIcDAG® 0.1 0.8 5.0 3.7 8.8 0.5 0.4 78.9 1.8 19.3 78.8 i7.4
MADGIcDAG® 10.0 5.7 12.2 3.5 5.1 0 0 61.7 1.8 36.5 61.7 36.3
MADGIcDAG f 10.0 5.7 12.5 4.0 6.1 0.1 0.3 59.7 1.6 38.7 59.7 416.3

and, not determined Saturated fatty acids (mol %) Unsaturated fatty acids (mol %) Average acyl chain lengttf.Purified from batches 1

and 2.7 Purified from batch 1.

-

= 14.8-15.1
$ 16.0-16.1
= 16.8
§ 17.4
= 17.6-17.8
s 18.2
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Ficure 3: Fractions of (A) MAMGIcDAG and (B) MGIcDAG inA. laidlawii membranes as a function of the degree of unsaturation of
the acyl chains. Data points in the graphs representing lipid extracts with similar average acyl chainGgnath ¢onnected with lines.
The data points marked with “*” represent an average value obtained from two or more lipid extracts with similar acyl chain compositions.

phosphatidic acid. This lipid is situated in the branchpoint et al., 1995) the dependence of MGIcDAG on the degree of
in the lipid biosynthetic pathway where one competing unsaturation was not as clear cut as it is here. This is
pathway yields phosphatidylglycerol (PG) and the other probably because MADGIcDAG was included in the analy-
pathway yields the glucolipids and the phosphoglucolipids ses of MGICDAG in the previous work. The fraction of

(Rilfors et al., 1993). The glucolipids are MGICDAG and DGIcDAG generally increases with both the acyl chain

DGIcDAG and their monoacy! derivatives MAMGIcDAG
and MADGIcDAG, respectively. This pathway most prob

unsaturation and th€, value (Figure 4B).
MAMGIcDAG and MADGIcDAG.These two lipids have

ably also produces two glycerophosphoryl derivatives of a third acyl chain linked to the hydroxyl group in position 6

DGIcDAG, namely, GPDGIcDAG and MABGPDGIcDAG
(Hauksson et al., 1994a, 1995). The polar head gro
composition of the lipids ir. laidlawii A-EF22 has not been

on the glucosyl moiety (Hauksson et al., 1994b, 1995); in
up MADGIcDAG the acyl chain is linked to the glucosyl moiety
closest to the glycerol backbone. The third acyl chain gives

examined by HPLC before. In earlier publications it has the lipids a very large hydrophobic volume. MAMGIcDAG

been quantified with TLC in combination with scintillation

is only synthesized when the acyl chains are unsaturated up

counting or GLC (Wieslander et al., 1995; Rilfors, 1985). to a degree of about 50 mol % a® ~ 16—18 (Figure

Moreover, the newly discovered triacylglucolipid MADG-

3A), which is in agreement with earlier observations

IcDAG has not been quantified before, and the conditions (Wieslander et al., 1995). The fraction of MADGICDAG

under which it is synthesized are thus established here.
1,2-Diacylglycerol. Due to its large hydrophobic volume

1,2-diacylglycerol (DAG) can induce the formation of

reaches the highest values whén< 16 (Figure 4A). In
this range the fraction increases with an increasing degree
of unsaturation. With longer acyl chain lengths the fraction

reversed nonlamellar phases when it is incorporated into of MADGICDAG is around 15 mol % and is approximately

membrane lipid bilayers (Das & Rand, 1986; De Boeck & constant when the degree of unsaturation changes; however,
Zidovetzki, 1989; Siegel et al., 1989). In this study the no synthesis of MADGIcDAG seems to occur when 18:1c
fraction designated DAG also includes free fatty acids and constitutes nearly all the acyl chains. It is noteworthy that
pigments. According to previous studies (Wieslander et al., MADGIcDAG is synthesized with almost all acyl chain
1995), and to new TLC experiments (data not shown), this compositions investigated here. This is in contrast to the

fraction constitutes about 795 mol % of DAG. The
synthesis of DAG inA. laidlawii is negligible when the
degree of unsaturation 60 mol %. The largest fraction
appears when the average acyl chain len@t) is >16 and
the degree of unsaturation 40 mol %. The fraction of
DAG constitutes up to 1815 area % (data not shown).
MGIcDAG and DGIcDAG. The largest fraction of
MGIcDAG appears whe, < 16 and when the degree of

syntheses of DAG and MAMGIcDAG which are practically
shut off above 5660 mol % of acyl chain unsaturation
irrespectively of the chain length.

PG, GPDGIcDAG, and MABGPDGIcDAGThe fraction
of PG varies in a complex way (Figure 5A); with increasing
degree of unsaturation the fraction increases wWhew 16—
17, but it decreases whe@, > 17. The fraction of
GPDGIcDAG seems to increase slightly with t8g value

saturation is high (Figure 3B). In an earlier study (Wieslander (Figure 5B); the largest fractions are observed with long and
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C, values
14.8-15.1
16.0-16.1
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Lipid (mol %)
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Unsaturated Acyl Chains (mol %) Unsaturated Acyl Chains (mol %)

Ficure 4: Fractions of (A) MADGIcDAG and (B) DGIcDAG irA. laidlawii membranes as a function of the degree of unsaturation of
the acyl chains. Data points in the graphs representing lipid extracts with similar average acyl chaindgnaté ¢onnected with lines.

The notation * is as described in the legend of Figure 3.

Unsaturated Acyl Chains (mol %)

. fraction increases when tl@g value decreases and the degree
of unsaturation increases (Figure 5C). The total fraction of
28| C, values anionic lipids has in earlier studies been found to increase
< | 14.8-15.1 with the degree of unsaturation (Christiansson et al., 1985;
°_o 24 16.0-16.1 Wieslander et al., 1980, 1995), and essentially the same
E | 16.8 feature is observed in this work.
g 20 12'2_178 Nonlamellar-Forming Lipids.In an A. laidlawii cell all
3 6l 182 the lipids are most probably mixed to make up a functional
| membrane. Therefore, it is of interest to know how the
12 fraction of all the lipids that form nonlamellar structures
‘ . ] 1 l varies according to the fatty acid supplementation. In Figure
6 it is shown that the largest fraction of these lipids is
observed when the acyl chains are short and the degree of
C, values unsaturation is low, and the fraction is progressively reduced
s 8 i:ﬁ-iz} when the acyl chains are longer and more unsaturated. The
3 A ]6'8 : fractions of MADGIcDAG, MAMGIcDAG, and DAG, the
E A 174 three lipids beside MGIcDAG having the ability to form, or
2 O 176-178 to induce the formation of, reversed nonlamellar structures,
3 ® 182 all have different acyl chain length dependencies. The
fraction of MADGICcDAG is enhanced by short chainS,(
< 16); MAMGIcDAG is synthesized wheg, ~ 16—18,
constituting a maximal fraction &, ~ 17—17.5; and the
fraction of DAG increases with an increasing chain length.
Lipids Synthesized by.Aaidlawii Strain B-PG9. Ac-
cording to preliminary results from our laboratory we find
@ C, values evidence for the existence of MADGICDAG and MABGP-
= O 148151 DGIcDAG also in strain B-PG9, which have not been
g i :g'g%'l reported before. The B strain was grown in the lipid-depleted
:'g_ A 174 bovine serum albumin/tryptose medium supplemented with
— 0 17:6_17'8 14:0/16:1c (75/754M/uM). A lipid extract was prepared
@ 182 as described under Materials and Methods. The extract was
analyzed by TLC using the solvent system chloroform/
methanol/25% ammonia (91:35:10 by volume), and the lipids

were visualized by the use of a charring agent (Ziminski &
Borowski, 1966).

Phase Equilibria of Glucolipids.To determine the phase

Ficure 5: Fractions of (A) PG, (B) GPDGIcDAG, and (C) L
MABGPDGIcDAG inA. laidlawii membranes as a function of the equilibria of MGICDAG and MADGICDAG, seven samples

degree of unsaturation of the acyl chains. Data points in the graphswere prepared. Three contained MGICDAG with 5%, 10%,
representing lipid extracts with similar average acyl chain length and 15% (w/w)H,O, corresponding to 2.2, 4.7, and 7.4 mol
(Cy) are conneqted with lines. The notation * is as described in of 1H,0/mol of lipid, and four contained MADGICDAG with

the legend of Figure 3. 5%, 10%, 15%, and 20% (wW/WH-0O, corresponding to 3.3,
unsaturated acyl chains, i.e., at conditions that cause a7.1, 11.2, and 15.9 mol dH,0/mol of lipid. The quadru-
decrease in the fraction of PG. The fraction of GPDGICDAG polar splittings,Avg, depend on the molecular ordering of

is often larger than that of MABGPDGIcDAG. The fraction the glucolipid acyl chains and provide structural information
of the latter lipid is only significant whe@, < 17, and the about the membrane system examined. The quadrupolar
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Lipid (mol %)

1 R L 1 .;E]J; L | I | E | I | T A T Irua Nt
30 40 50 60 70 80 90 15.0 155 16.0 165 17.0 17.5 18.0 18.5
Unsaturated Acyl Chains (mol %) Average Acyl Chain Length (C))
C, values UFA (mol %)
O 148-15.1 ® 16.0-16.1 @ 286-349 O 433-482
A 168 A 174 A 581588 A 773-786
O 17.6-17.8 F 182 B 85.6-92.0

Ficure 6: Fraction ofA. laidlawii lipids able to form reversed nonlamellar phases as a function of the degree of unsaturation of the acyl
chains (UFA) and of the average acyl chain length. The total fraction consists of MGIcDAG, MAMGIcDAG, and MADGIcDAG. Data
points in the graphs representing lipid extracts with similar average acyl chain lebgtbr(degree of unsaturation are connected with
lines. The notation * is as described in the legend of Figure 3.

splittings are reduced by approximately a factor of 2 when
the system changes from ap hhase to a reversed hexagonal
(Hn) phase, due to the change in the axis of symmetry around
which motion is averaged (Lindblom, 1996). In an isotropic
phase, such as a cubic phase, there is fast isotropic molecular
motion which leads to a rather narrow signal.

In the present study the C-2 position on the oleic acid is
labeled with deuterium. In the case where bothahé and
sn2 positions of a membrane phospholipid contain acyl
chains labeled in the C-2 position, three quadrupolar splittings
appear in the spectrum (Seelig & Seelig, 1980). Rance et
al. (1983) studied the glucolipid fraction Af laidlawii strain
B. The glucolipids contained approximately 508&deu-
teratedcis-9,10-methylene-9-octadecenoic acid, and less than
10% of this fatty acid was situated in positien-1 (Saito et
al., 1977). Rance et al. (1983) could see only two splittings
of unequal intensity in their de-Paked spectra, but by using
simulation an additional splitting had to be added to account
for the unequal intensities. Rance and co-workers concluded
that the two major splittings resulted from the deuterons in
the C-2 position of then-2 chain and that the third, minor o
component, overlapping the outer splitting of 8re2 chain, 30 ¢
resulted from thesn1 chain. In spectra recorded from a T T T T | E— T T 1
sample with DGICDAG containing 20% (w/wWH,0, cor- -40 -20 0 20 40
responding to 12.9 mol ofH,O/mol of lipid, we can only kHz
find two splittings (Figure 7), but in a de-Paked spectrum Ficure 7: 2H NMR spectra of DGICDAG containing 18:1dy
recorded at 70C a third component, severely overlapped recorded at 30 and 780C. The water content of the sample was
by the outer splitting, may be revealed (data not shown). 20% (w/w)*Hz0.
The reason for the small difference in the quadrupolar compared to DGICDAG. It was proven B NMR and
splittings of thesn-1 andsn-2 acyl chains could be the large  X-ray diffraction that MADGICDAG forms an kl phase
heterogeneity in the acyl chain composition (Table 2). when its acyl chains melt. Figure 8A showsta NMR
Moreover, the low intensity of the largest splitting, origi- spectrum of MADGICDAG recorded at 5. In the same
nating from thesn-1 chain, is probably due to the facts that figure spectra of a total lipid extract from. laidlawii are
the incorporation of 18:1d, is only 79 mol % and that oleic  included; in Figure 8C the lipids form an,Iphase, while in
acid is preferentially incorporated into the-2 position (Saito Figure 8B the lipids form both an/phase and an Hphase.
etal., 1977). In Figure 7 it is seen that DGIcDAG forms an The magnitude of the quadrupolar splitting indicates that
L, phase up to at least P€C. A water content of 12.9 mol MADGIcDAG forms an H, phase. It was conclusively
of *H,O/mol of lipid is above the maximum hydration for established by X-ray diffraction that an lghase was formed
DGIcDAG (Lindblom et al., 1986). at 20°C, and up to at least 60C, in samples with 10%

As can be expected, the third acyl chain in MADGIcDAG (Figure 9) and 20% (w/w) water. The lattice parameters in
gives the lipid completely different phase properties as the H, phase formed at 20C with 10% and 20% (w/w)
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Ficure 10: Tentative phase diagram of the system MGICDAG-
A 1H,0. The phase diagram was deduceddyNMR spectroscopy
- and X-ray diffraction: L, lamellar liquid-crystalline phase;H
reversed hexagonal phasg, leversed cubic phase. When two or

I r T T T T T — 1

-40 -20 0 20 40 three phases are in equilibrium, the notations are written in the
kHz order of a decreasing fraction of the different phases.
FiGUre 8: 2H NMR spectra of MADGIcDAG and of a total lipid . . L
extract fromA. laidlawii, both containing 18:1cb. (A) MADG- In most of the earlier studies of MGICDAG this lipid has

IcDAG with 15% (w/w) *H,0O, recorded at 70C; (B) total lipid probably been contaminated by MADGIcDAG. For that
extract with 20% (w/w)!H,0O, recorded at 50C; and (C) total reason it is of great importance to check the validity of those
lipid extract with 40% (w/w)'H,O, recorded at 60C. results (Eriksson et al., 1991; Lindblom et al., 1993; Niemi
et al.,, 1995; Wieslander et al., 1978, 1981). Our data on
the newly purified MGIcDAG are presented in a simplified
phase diagram (Figure 10). When the water concentration
is 5% and 10% (w/w) there is a reversed cubjg lhase in
equilibrium with an H phase at 40°C, and when the
temperature is raised thg phase disappears and only an
H, phase is formed at 6. X-ray diffraction of the sample
2 with 10% (w/w) water also revealed that anghase is in
equilibrium with an H phase at temperatures between 40
31 and 60°C; at 60°C the lattice parameter of the,Hbhase is
J\ 37 A. Moreover, X-ray diffraction showed that a lamellar
e R gel phase is formed at temperatures lower thari@0 At
. ‘ , ‘ . ‘ the highest water content (15%, w/w) a mixture of, M,
0 001 002 003 004 005 006 007 008 and |, phases is present at 4Q (Figure 11). At 50°C the
/A L, phase has disappeared, and the component originating
Ficure 9: Small-angle X-ray powder diffraction pattern obtained from the |, phase dominates the spectra recorded at this
from an MADGICDAG—water mixture, 10% (WWYH:O, at 25 temperature and at 68C. However, the equilibrium is

°C. The position of the diffraction peaks indicates a hexagonal _, .
phase with a Bragg spacing of 45 A, which gives a lattice parameter shifted back toward the Hphase between 60 and 70. A

of 52 A. mixture of I, and H, phases was also observed by X-ray
water are 52 and 57 A, respectively. X-ray diffraction also diffraction at temperatures between 40 and60the lattice
revealed that a lamellar gel phase started to form in theseParameter of the jiphase formed at higher temperatures is
samples at about 2T upon a decrease in temperature. The 49 A. Itis rather surprising that the fraction of the phase
exact temperature for the disappearance of the gel phasdn the sample first decreases, and then increases again, when
when raising the temperature seemed to depend on thdhe temperature is raised. One explanatlo_n for this behavior
thermal history of the samples. Consequently, arphase could be the: presence of seve(al lipid species due to the large
is the only liquid-crystalline phase formed by this preparation N€térogeneity of the acyl chains (Table 2). It can also be
of MADGICDAG up to 60°C with water contents between S€en in Figure 10 that the phase remains in the MGIcDAS

5% and 20% (w/w). DGICDAG and MGIcDAG have their water samples at gr_aduz_illy higher temperatures when the
maximum hydration at 711 mol of 2H,O/mol of lipid, water concentration is raised.

depending on the degree of acyl chain unsaturation

(Lindblom et al.,, 1986). The maximum hydration of DISCUSSION

MAMGIcDAG is at the most 5 mol ofH,O/mol of lipid The present study of the regulation of the membrane lipid
(Lindblom et al., 1993). This clearly shows that the loss of composition inA. laidlawii A-EF22 was initiated by the

a hydroxyl group drastically decreases the maximum hydra- recent discovery of the triacylglucolipid MADGIcDAG
tion for a glucolipid, and MADGIcDAG is probably fully  (Hauksson et al., 1995). The combined results regarding the
hydrated at the two highest water concentrations studied. phase behavior, and the regulation of the synthesis, of

T
"

log(l) / a.u.

21
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Ficure 11: ?H NMR spectra of MGICDAG containing 18:1d,
recorded at 40, 50, 60, and 70. The water content of the sample
was 15% (w/w)H,0.

MADGIcDAG resolve some earlier observations that were
difficult to explain. The new results constitute an important

Biochemistry, Vol. 35, No. 34, 19961127

average one carbon atom shorter (Table 2); both of these
conditions generally shift the phase equilibria of membrane
lipids toward the I, phase (Rilfors et al., 1984). Therefore,
the decisive difference between the lipids is that an acyl chain
has been substituted for an hydroxyl group in the polar head
group of DGIcDAG, which increases the hydrophobic
volume and decreases the hydrophilic characteristics of
MADGIcDAG. A comparison can be made with the
difference in phase behavior between MGIcDAG and
MAMGIcDAG,; the former lipid can form Iy, I, or H,
phases (Figure 10) (Eriksson et al., 1991; Lindblom et al.,
1986, 1993; Mannock et al., 1990; Wieslander et al., 1978),
while its monoacyl derivative forms only ary Iphase with
melted acyl chains (Lindblom et al., 1993). MAMGIcDAG
thus has a greater tendency than MGIcDAG to form reversed
nonlamellar structures. Moreover, the lipid 1,2@tetra-
decyl-30-(3-O-methyl-b-glucopyranosylsnglycerol also
forms an L phase with melted acyl chains (Trouard et al.,
1994), which implies that the loss of a hydroxyl group, not
the addition of a large hydrophobic moiety, is the most
important cause for shifting the phase equilibria of these
glucosyldiacylglycerol lipids toward reversed nonlamellar
structures.

A phase diagram has been presented for dioleoyl-
MGIcDAG (Lindblom et al., 1986). Fortunately, this phase
diagram is most probably correct since MADGICDAG is
absent in this range of degrees of unsaturation and lengths
of the acyl chains according to the present study (Figure 4A).
Dioleoyl-MGIcDAG forms |, and H, phases above 3TC
in the presence of 5%, 10%, and 15% (w/w) water. These
phases are formed also by the MGICDAG preparation studied
in the present work (Figure 10). However, the ghase
remains at higher temperatures with the new MGIcDAG,
above all at the highest water content studied. It is therefore
concluded that the ability of MGICDAG to form reversed
nonlamellar phases increases with longer and more unsatu-
rated acyl chains. In most of the other previous studies of
MGIcDAG (Eriksson et al., 1991; Lindblom et al., 1993;
Niemi et al., 1995; Wieslander et al., 1978, 1981) this lipid
was probably contaminated by MADGIcDAG; the fraction
of MADGIcDAG could have been approximately 16%80%
in the old MGICDAG preparations (Figures 3B and 4A)
(Hauksson et al., 1995). One interesting comparison can be
made between the new MGIcDAG preparation and the one
examined by Lindblom et al. (1993). The two preparations
have practically identical acyl chain compositions. It is
noticed that the phase equilibria for the lipid preparations
are very similar, and the differences are restricted to small
displacements of the phase transition temperatures. More-
over, a property that MGIcDAG and MADGIcDAG, prepared
from the same cell batch, have in common is that both lipids

and necessary extension of our model for membrane lipid form reversed nonlamellar liquid-crystalline phases. It is

regulation, and the validity of the model is further strength-
ened.

Phase Equlibria of Glucolipids.It is evident that the
addition of an acyl chain to the polar head group of
DGIcDAG drastically alters the phase behavior of the lipid.
DGIcDAG forms an l, phase up to at least AT (Figure
7), which is in accordance with previous results (Eriksson
et al.,, 1991; Rilfors et al.,, 1993). On the other hand,
MADGIcDAG forms an H, phase when the acyl chains melt
in spite of the facts that this lipid contains nearly 20 mol %

therefore possible that the results obtained with the old
MGIcDAG preparations are on the whole still valid.

Lipid Regulation. It is now clear that\. laidlawii A-EF22
synthesizes three lipids that can form reversed nonlamellar
structures (MGIcDAG, MAMGIcDAG, and MADGIcDAG),
and one lipid that can induce the formation of nonlamellar
phases when mixed with membrane lipids (DAG). The
fractions of these lipids all have a characteristic dependence
on the fatty acids that are incorporated into the membrane
lipids, and the regulation of the fractions of these lipids can

more saturated acyl chains and that the chains are on thebe closely related to the phase behavior of the lipids.
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MGIcDAG is synthesized under all growth conditions that
have been studied so far (Figure 3B) (Rilfors et al., 1993;
Wieslander et al., 1995). The fraction is kept on a
comparatively low and constant level with acyl chains having

Andersson et al.

When discussing the lipid regulation iA. laidlawii
A-EF22, and in particular the fraction of nonlamellar-forming
lipids, it is evident that the sum of the fractions of
MAMGIcDAG, MGIcDAG, and MADGIcDAG must be

C, > 16 and degrees of unsaturation larger than about 40taken into consideration. A graph of this total fraction of

mol %. MGIcDAG species with such acyl chains have a
pronounced ability to formyland H, phases [see Figure 7
in Wieslander et al. (1995)]. Moreover, f@, = 16—20
the L, to nonlamellar phase transition temperattig Y does
not change significantly for the-anomers of MGICDAG
(Mannock et al., 1990). Whe@, < 16, and the degree of
saturation is higher than approximately 30 mol %, the
formation of MGIcDAG is increased drastically (Figure 3B)
(Thurmond et al.,, 1994). The cells most likely try to
compensate for the increaseb,. value obtained for
MGIcDAG with such acyl chains (Lindblom et al., 1993;
Mannock et al., 1990). However, this compensation is not
sufficient and the cells synthesize above all MADGIcDAG
and also DAG and small amounts of MAMGIcDAG; all of
these lipids lower thé@y, value of membrane lipids (Das &
Rand, 1986; De Boeck & Zidovetzki, 1989; Niemi et al.,
1995; Siegel et al., 1989).

The finding that MADGIcDAG is synthesized with short
acyl chains (Figure 4A) makes it considerably easier to

interpret the biochemical data obtained with these chains by

means of our model for lipid regulation; the nonbilayer-
forming tendency of total lipid extracts from. laidlawii
A-EF22 (Lindblom et al.,, 1986; Rilfors et al., 1994,
Osterberg et al., 1995) is probably sustained by MADG-
IcDAG under these conditions. MADGIcDAG has a greater
ability than MGIcDAG to form nonlamellar phases since it
forms only an H phase when its acyl chains are melted.
This implies that MGICDAG is assisted, or replaced, by a
potent nonlamellar-forming glucolipid also when short,

unsaturated acyl chains are incorporated into the lipids; the

syntheses of DAG and MAMGIcDAG is in effect shut off
with these chains (Figure 3A). However, it can only be

speculated about the importance of this assistance or replace

ment, since the phase behavior of MGICDAG with short,
unsaturated chains is not known. The regulation of the
fraction of MADGIcDAG explains why no consequent
changes in the fraction of MGIcDAG were observed when
the extent of acyl chain unsaturation was varied in a previous
study (Wieslander et al., 1995). The apparigreasein

the fraction of MGIcDAG with acyl chains having, ~ 15—

16 depended on MGIcDAG and MADGIcDAG being
quantified together in that work.

The fractions of MAMGIcDAG and DAG are increased
concomitantly with the reduction of the fraction of MADG-
IcDAG. Among theA. laidlawii lipids MAMGICDAG has

nonlamellar-forming lipids shows that it is reduced from 55
to 7 mol % when the average acyl chain length and the
degree of unsaturation are increased (Figure 6), i.e., at
conditions that favor reversed nonlamellar phases (Rilfors
et al., 1984). These plots convincingly show that a balance
between lamellar- and nonlamellar-forming lipids is main-
tained in the membrane and strongly support the validity of
our lipid regulation model. This regulation of the balance
between lamellar- and nonlamellar-forming lipids appears
even more complex and sophisticated after the discovery of
MADGIcDAG, since four lipids (including DAG) act
together to maintain the balance.

It should be mentioned that GPDGIcDAG, which is
synthesized by both A and B strains &flaidlawii, can by
itself also form a nonlamellar phase. However, this lipid
forms anormal micellar solution phase (). The results
from two different studies of GPDGIcDAG are not fully
consistent: one study shows that only micelles form at water
contents of 95% (w/w) and higher (Lewis & McElhaney,
1995), while the other study shows that micelles are in
equilibrium with an Ly phase at these water contents (D.
Danino, A. Kaplun, G. Lindblom, L. Rilfors, G. Odal, J.

B. Hauksson, and Y. Talmon, submitted for publication).
Among the membrane lipids occurring in strain B-PG9 of
A. laidlawii GPDGIcDAG has the strongest ability to
transform an kl phase formed by dielaidoylphosphatidyl-
ethanolamine to an [l phase (Foht et al., 1995). This
conclusion most probably holds also for strain A-EF22 since
the other glycerophosphoryl derivative of DGICDAG syn-
thesized by the A strain, MABGPDGIcDAG, does not form
an Ly phase (Danino et al., submitted for publication). If
both strain A-EF22 and strain B-PG9 are considered, it does
not appear that the fraction of GPDGIcDAG is consistently
regulated in relation to the phase behavior of the lipid. On
one hand, the elevated fraction of GPDGIcDAG with long
and cis-unsaturated acyl chains (Figure 5) (Lewis &
McElhaney, 1995) might be interpreted as a regulatory
response to the increased tendencies to form reversed
nonlamellar phases. On the other hand, the progressively
larger fractions of GPDGIcDAG present when the B strain
is grown with iso methyl-branched acyl chains of decreasing
length (Lewis & McElhaney, 1995) cannot be explained by
our lipid regulation model.

Comparison of A and B StrainsThe regulation of the
membrane lipid composition has also been studied in two B
strains, B-JU and B-PG9, and differences and similarities

by far the most pronounced ability to form nonlamellar between A and B strains have been discussed in the literature
structures since it does not form any liquid-crystalline phase [for reviews, see McElhaney (1992) and Rilfors et al. (1993)].
at all but only an L phase with melted acyl chains (Lindblom  Strain B-JU seems to consistently regulate its lipid composi-
et al.,, 1993). At low concentrations, MAMGIcDAG is far tion according to the hypothesis proposed by us. However,
more capable than MGIcDAG to induce nonlamellar phases the experiments were performed before it was known that
in A. laidlawii lipids (Niemi et al., 1995). MAMGIcDAG MAMGIcDAG forms an L, phase and before the discovery
and DAG thus help MGIcDAG to sustain the nonbilayer- of MADGIcDAG. Results from strain B-PG9 are not fully
forming tendency when the degree of acyl chain saturation compatible with the regulation hypothesis (Bhakoo &
is higher than 4650 mol % andC, = 16. The highTy. McElhaney, 1988; McElhaney, 1992; Silvius et al., 1980).
values of MGIcDAG with long, saturated acyl chains McElhaney and colleagues have concluded that neither the
(Mannock et al., 1990) most probably necessitate this bilayer—nonbilayer phase preference of its membrane lipids
assistance. nor the fraction of anionic lipids is biochemically regulated
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in a coherent manner in this B strain; it should be pointed a nonfunctional direction (MacDonald & Goldfine, 1991,
out, however, that the anionic lipid fraction included only Rilfors et al., 1993, 1994; Wieslander et al., 1986).

PG in these studies. On the other hand, when strains A-EF22 Eukaryotic organisms, like fungi, higher plants, and
and B-PG9 were grown in the two media used for these poikilothermic animals, often change their membrane lipid
bacteria, in most cases, it was observed that both strainscomposition in response to changes in the ambient temper-
regulate the balance between bilayer-forming and nonbilayer-ature (Hazel & Williams, 1990; Hazel, 1995). It has been
forming lipids in a similar way but that the B strain exhibited suggested that the lipid regulation in these organisms take
a weaker response in the anionic lipid fraction (Wieslander place according to a model that has the same features as the
et al.,, 1994). The striking feature of strain A-EF22, to regulation model suggested fér coli andA. laidlawii; it is
synthesize several nonbilayer-forming lipids that complement implied that the temperature acclimation or adaptation
each other in a subtle way, seems also to be a property ofmodifies both thel, and theTy, values so that the ambient
strain B-PG9. This strain produces large quantities 6-1-  temperature remains at a suitable interval abByéut yet
polyprenyl-20-acyl-o-p-glucopyranoside (PAGIc), mainly  below Ty, (Hazel, 1995).

at the expense of MGICDAG, when it is grown in media

enriched in high-melting-point fatty acids (Lewis et al., ACKNOWLEDGMENT

1990). Both the lamellar gel phask, and the l,—H, phase
transition temperatures of PAGIc are lower than those of
MGIcDAG, implying that the B strain utilizes PAGIc to
regulate these quantities. Furthermore, strain B-PG9 syn
thesizes MADGIcDAG, and the fraction of this lipid might
be regulated also in the B strain.
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