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ABSTRACT. We have studied the biosynthetic regulation of the membrane lipid polar headgroup distribution
in Acholeplasma laidlawiB cells made fatty acid auxotrophic by growth in the presence of the biotin-
binding agent avidin to test whether this organism has the ability to coherently regulate the lamellar/
nonlamellar phase propensity of its membrane lipids. The addition of various single normal growth-
supporting exogenous fatty acids to such cell cultures produces fatty lamidogeneous cells in which

the hydrocarbon chain length and structure of the fatty acyl chains of the membrane lipids can be
independently varied. Moreover, in analyzing our results, we consider the fact that the individual membrane
lipid classes of this organism can form either normal micellar, lamellar, or reversed cubic or hexagonal
phases in isolation (Lewis, R. N. A. H., and McElhaney, R. N. (1BiBchemistry 3413818-13824).
WhenA. laidlawii cells are highly enriched in one of a homologous series of methyl isobranched, methyl
anteisobranched, es-cyclohexyl fatty acids, neither the ratio of normal micellar/lamellar nor of inverted
cubic or hexagonal/lamellar phase-forming lipids are coherently regulated, and in fact in the former case,
the changes in lipid polar headgroup composition observed are generally in a direction opposite to that
required to maintain the overall lamellar/nonlamellar phase preference of the total membrane lipids constant
when hydrocarbon chain length is varied. Similarly, when lipid hydrocarbon structure is varied at a constant
effective chain length, a similar lack of coherent regulation of membrane lipid polar headgroup distribution
is also observed, although in this case a weak overall trend in the expected direction occurs. We also
confirm our previous finding (Foht, P. J., Tran, Q. M., Lewis, R. N. A. H., and McElhaney, R. N. (1995)
Biochemistry 3413811-13817) that the ratio of inverted phase-forming monoglucosyl diacylglycerol to
the lamellar phase-forming glycolipid diglucosyl diacylglycerol, previously used to estimate membrane
lipid phase preference iA. laidlawii A and B, is not by itself a reliable indicator of the overall lamellar/
nonlamellar phase propensity of the total membrane lipids of these organisms. Our results indicate that
A. laidlawii B lacks a coherent mechanism to biosynthetically regulate the polar headgroup distribution
of its membrane lipids to maintain the micellar/lamellar/inverted phase propensity constant in the face of
induced variations in either the chain length or the structure of its lipid hydrocarbon chains. Finally, we
suggest that the lack of a coherent regulatory mechanism to regulate the overall phase-forming propensity
of the total membrane lipids of this organism under these circumstances may result in part from its inability
to optimize all of the biologically relevant physical properties of its membrane lipid bilayer simultaneously.

The mixture of lipids present in all biological membranes elements in determining their preferred molecular shapes,
studied to date appears to exist exclusively in the liguid in particular the relative cross-sectional areas occupied by
crystalline lamellar phase under physiologically relevant their polar headgroups and nonpolar hydrocarbon chains. The
conditions of temperature and hydration. However, individual effective cross-sectional area of a lipid polar headgroup
membrane lipids can potentially form a variety of liquid appears to depend primarily on its effective headgroup
hexagonal phases when dispersed in water, dependingy the hydrocarbon chains depend primarily on their length
prg‘lr]lilrlly onh_thr(]a]lr. elffggtlve Imol;ecula; shalpe_s. Fcf)fr these ang chemical structure. If the effective cross-sectional area
r?z ke ?Thp i:p Illcrlplndmr? icu Iesrrt ei rﬁ at;vre ?meCtnlaent of the polar headgroup exceeds that of the nonpolar
sizes ot heir polar a onpolar regions are impo hydrocarbon chains, then the lipid molecule will have an
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cubic or hexagonal phase. If, however, the relative areasism maintains its membrane lipid in a lamellar liquid
occupied by the polar headgroup and the hydrocarbon chainscrystalline state at any particular growth temperature, but in
are roughly equal, the molecules will be cylindrical in shape close proximity to a lamellar/reversed cubic or hexagonal
and will tend to form a lamellar or bilayer phase. Since the phase transition, by appropriate biochemical alterations in
effective area of the hydrocarbon chains in the liguid the polar headgroup composition of its membrane lipids.
crystalline state increases to a much greater extent withMoreover, evidence for at least a partially efficacious
temperature than does that of the polar headgroup, increasesegulation of the intrinsic monolayer curvature of the
in temperature favor the formation of lamellar over normal membrane lipids ofA. laidlawii A with alterations in the
and reversed over lamellar phases (see 1efS). 16:0/18:1? ratio have been reportedd). Although this

Acholeplasma laidlawiis a simple, cell wall-less prokary-  hypothesis seems to be relatively well-supportedAin
otic microorganism that possesses a number of features thataidlawii A (refs 16—23, but see discussion in re€s 7, and
make it attractive for studies of the structural and functional 24), the results of similar studies in the closely related
roles of lipids in biological membranes (see réfand 7). laidlawii B are not fully compatible with this hypothes, (
Two particularly useful features of this organism for such 9, 24, 25).
studies are the ability to dramatically alter its membrane lipid  All of the previous studies of the regulation of membrane
fatty acid composition and cholesterol content. Utilizing the lipid polar headgroup composition iA. laidlawii A, and
former feature, we have determined the relative phaseseveral such studies iA. laidlawii B, have utilized cells
preferences of all of the major lipids of fatty aeid grown in the absence of avidin and which therefore contain
homogeneous. laidlawii B membranes by determining the @ mixture of endogenously and exogenously derived fatty
effect of small amounts of each lipid on the lamellar/reversed acids in their membrane lipids (see 28). This results in
hexagonal phase transition temperature of & RE&trix of the production of membrane lipids that are heterogeneous
identical fatty acid composition using differential scanning in both hydrocarbon chain length and chemical structure. As
calorimetry ). Although the total membrane lipids from  Well, the fatty acid compositions of the various membrane
this organism form only lamellar phases under physiological lipid classes present are different under these circumstances
conditions, the individual membrane lipids appear to exhibit since fatty acids of different chemical structure and chain
a wide range of phase preferences. Phosphatidylglycerol (PGJength are preferentially utilized in their biosynthesis (see
and DGDG seem to have relatively strong and weak ref 26). Moreover, in most cases, mixtures of exogenous
preferences for the lamellar liquid-crystalline phase, respec-saturated and unsaturated fatty acids of different chain
tively, MGDG and especially APG strongly prefer the lengths, particularly 16:0 and 18;lhave been utilized in
reversed hexagonal phase, while GPDGDG actually preferssuch studies. However, since both fatty acid structure and
the normal micellar phase in isolatio))(We also showed  chain length are potent independent determinants of lipid
that the characteristic effect of the individual laidlawii B thermotropic phase behavior generally and of lipid lamellar/
membrane lipids on the lamellar/reversed hexagonal phasenonlamellar phase preference in particular (see $edsd
transition temperature of the PE matrix is not well-correlated 27—29), it is not possible to effectively disentangle these
with their polar headgroup intrinsic volumes. This result two variables in most previous work. As well, in all previous
indicates that the effective cross-sectional area of the polarstudies ofA. laidlawii A, and in several such studies f
headgroups of these lipid species must be strongly influencedlaidlawii B, the MGDG/DGDG ratio alone was used to
by factors such as charge, hydration, orientation, and estimate the lamellar/nonlamellar phase-forming propensity

motional freedom, as well as by intrinsic headgroup size (see©f the total membrane lipids. However, our previous work
also ref5). has shown that this ratio is not a reliable indicator of this

It has been shown that alterations in membrane lipid fatty Parameter sinca. laidlawii membranes with similar MGDG/
acid composition, cholesterol content, and growth temper- DGDG ratios can have markedly different absolute levels

ature induce marked changes in the quantitative distribution ©© MGDG and vice versag 9). Moreover, the MGDG/
of the major glycolipids of theA. laidlawii A membrane DGDG ratio does not account for the fact thatlaidlawii

(10-14). In particular, the MGDG to DGDG ratio was membranes also contain variable quantities of the normal
shown to increase with an increase in the degree of micellar phase-preferring Iipid GPDGDG. Therefore, to
unsaturation of the membrane lipid hydrocarbon chains, with ©Vércome these problems, in the present study we have
an increase in cholesterol incorporation, and with an increase!tilized A. laidlawii B cells grown in the presence of avidin

in growth temperature. Since aqueous dispersions of MGDG that have been supplemented with only a single member of
prefer to form inverted nonlamellar phases at higher tem- & homologous series of exogenous fatty acids of different
peratures, particularly if its fatty acyl chains are unsaturated Nydrocarbon chain structure. These cells are thus not only
or cholesterol is present, while the DGDG exists exclusively d€void of heterogeneity in fatty acid structure and chain
in the lamellar state under these condition8-17), these Igr)gth, but the fatty_ aud_composmons of all of the membrane
characteristic shifts in the MGDG/DGDG ratio were inter- /IPid classes are identicalg). Moreover, the effects of
preted as a compensatory mechanism to maintain an optimalarations in membrane lipid hydrocarbon chain length and
balance of lamellar and reverse hexagonal phase-formingStrUCt“re can be independently determined in these fatty

lipids. Specifically, these workers postulated that this organ-

2 Fatty acids are designated by the number of carbon atoms followed
by the number of double bonds, if any, present in the hydrocarbon

1 Abbreviations: PE, phosphatidylethanolamine; PG, phosphatidylg- chains; the subscripts ¢ and t denote ¢isandtrans configurations,
lycerol; DGDG, diglucosyl diacyglycerol; MGDG, monoglucosyl respectively, of any double bond present, while the subscripts i and ai
diacylglycerol; GPDGDG, glycerylphosphoryldiglucosyl diacylglycerol; represent methyl iso- and anteisobranched, e represents ethyl iso-
APG, acyl polyprenyl glucoside. branched, and ch represents omega-cyclohexyl fatty acids, respectively.
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amd—homogeneous cells. Finally, in accessing whether this Table 1: Membrane Lipid Polar Headgroup Compositions of Fatty
organism coherently regulates the lamellar/nonlamellar phaseacid—Homogeneous. Laidlawii B Cells Grown with Single
preference of its total membrane lipids, we consider the Exogenous Methyl Isobranched, Methyl Anteisobranched, or
amounts and phase preferences of all of the major lipid ©mega-Cyclohexyl Fatty Acids of Various Chain Lengths

components present. Membrane Lipid Polar Headgroup Composition
fatly (mol %)
MATERIALS AND METHODS acid MGDG DGDG PG GPDGDG APG

. . . . 14:0 46.8+4.7 28+1.3 21.4+3.8 29.1+04
A. laidlawii B cells were grown at 37C in a lipid-poor 15:0 47.1+29 85+3.1 17.2+3.1 27.2+26

growth medium and harvested at mid-log phase as describedl6:0 50.8+2.0 9.0+2.4 253+0.1 14.9+0.3
previously B0, 31). Avidin, an inhibitor of de novo fatty H& gg%i g-g élll‘ﬁ ;I 1‘7‘& 8-8 éﬁ 8-3 28.6+10.0
f'iC|d.b|osyntheS|s and exogenous fatty acid chain e!ongat|on15;0a: 504+ 47 251+ 14 194+11 49+11
in this organism 0), was added to the growth medium, as 16:0, 48.0+2.9 26.3+3.1 19.9+0.9 5.7+ 0.9
was a single exogenous fatty acid. All of the branched chain 17:0; 45.1+4.1 247+ 2.7 20.3:1.6 10.0+£0.7
and w-cyclohexyl fatty acids utilized in this study were igfqai gg-gi ;g ig-gi i-g %gi (2)-‘71 Zgi (112 9.3+6.8
chemically synthesized from appropriate precursors utilizing 17;&: 100147 247423 209L 45 A5+20
the procedures described in detail previou8i${35), while 18:Q, 40.1+4.0 32.1+4.4 22.9+35 51+1.8
the palmitelaidic acid was purchased from Nu-Chek Prep 19:0x 32.9+3.2 34.1+12 27.6£3.2 53+0.7
(Elysian, MN). The total lipids were extracted from isolated 20:@n 25.4+4.6 33.1+85 208+7.2 2.0+03 18.8+5.6
membranes by a modified Bligh and Dye&2] procedure 2Values presented are the mean, and average deviation from the
and purified by silicic acid column chromatography, and the mean, of at least three independent determinations of the polar
individual membrane polar lipids were separated by prepara-headgrOUp composition for each fatty acid composition studied.
tive thin-layer chromatography on silica gel G and quantitated .
by gas-liquid chromatography of their fatty acid methyl b D
esters, all as previously describegil). The total neutral 60 - A 1 B I C
lipids, consisting primarily of free fatty acids, diacylglycerols, ] k . l\
and carotenoid pigments, accounted for less than 3 wt % of I +1 lLK + {
L

toaN N

I 1 J- -

the total membrane lipids and were not included in our
0Fe T + + .
L I’E/E\
B gl N -

analyses. However, as far as we could determine, the amount
* E _l
10 - — 4 4 1
t 1'[—i——!/!/l 3
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and composition of the neutral lipids did not vary signifi-
in the lipid/protein ratio of theé\. laidlawii B membrane and
—Y.

cantly with variations in the fatty acid composition of the
membrane polar lipids. The variations in fatty acid composi-
tion induced in this study also result in only small variations
no deteppable variations in the overall membrane protein ol ¥ . DN |
composition 24). L L T T
13 14 15 16 17 13 14 15 16 17 13 14 15 16 17

Membrane Lipid Composition, Mol %

RESULTS
Efffective Chain Length

Influence of Variations in Fatty Acid Chain Length on Ficure 1: Plots of the lipid polar headgroup composition vs the
Membrane Lipid Polar Headgroup Compositiofo inves- effective hydrocarbon chain length iA. laidlawii cells made
tigate the effects of variations in fatty acid chain length on ?nglglg’z)r]erggtshir: gr?t% ggirg%?ﬁé%g(ogi :Fg)isﬁé?f%ﬁg' :S(OZL%TChed
membrane lipid pOIa_r headgroup dlsmbu“_mln" laidlawii (?) fatty acids. T)r/1e inverted phase-plpeferring Iipit)ils MGD%B gnd APG
B cells were grown in the presence of avidin and supple- gre denoted-a— and —a—, respectively; the lamellar phase-
mented with a single member of a homologous series of preferring lipids DGDG and PG are denotedl— and —O—,
methyl isobranched, methyl anteisobranchedgwecyclo- respectively; and the micellar phase-preferring lipid GPDGDG is
hexyl fatty acids. These three fatty acid classes were choserflénoted—v—, with the symbols representing the effective shapes
for study here because a wide range of hydrocarbon chainof these lipid molecules.
lengths within each class support good growth of this
organism 24, 30). The membrane lipid polar headgroup s found in significant quantities only with the longest chain
compositions of fatty-acid homogeneolislaidlawii B cells length fatty acid studied. As hydrocarbon chain length
grown with single methyl iso- or anteisobranchedsecyclo- progressively increases in the homologous series of methyl
hexyl fatty acids are presented in Table 1, and trends in the 5nteisobranched fatty acids, MGDG and DGDG levels
individual membrane lipids classes with variations in fatty decrease, PG and GPDGDG levels increase, and modest
acid hydrocarbon chain length are illustrated in Figure 1. qantities of APG are again found only with the longest chain
Let us consider the results for each fatty acid class separatelength studied. Finally, as hydrocarbon chain length progres-
since the effects of variation in hydrocarbon chain length gjyely increases in the-cyciohexyl fatty acid homologous
on membrane lipid polar headgroup composition vary series, MGDG levels decrease markedly, DGDG and PG
considerably with fatty acid type (see below). levels increase substantially and plateau, GPDGDG remain

As hydrocarbon chain length increases in the methyl low and relatively constant, and substantial amounts of APG
isobranched fatty acid homologous series, MGDG and PG are again present only with the longest chain length fatty
levels remain relatively constant, DGDG levels increase acid tested.

markedly, GPDGDG levels decrease substantially, and APG
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Ficure 2: Plot illustrating the relationship between the molar ratios  Ficure 3: Plot illustrating the relationship between the molar ratios
of the inverted phase-preferring lipids (MGDG plus APG, when of the micellar phase-preferring lipid (GPDGDG) to the lamellar
present) to the lamellar phase-preferring lipids (DGDG plus PG) phase-preferring lipids (DGDG plus PG) and the equivalent
and the equivalent hydrocarbon chain length in fatty acid hydrocarbon chain length in fatty acithomogeneous. laidlawii
homogeneous. laidlawii membranes enriched in various methyl membranes enriched in various methyl isobranciey methyl
ifS(t)tbranpdhedQ), methyl anteisobranche®j, or w-cyclohexyl @) anteisobranched)), or w-cyclohexyl @) fatty acids.
atty acids.

at the longest chain length and GPDGDG levels, while

As discussed in the introductory paragraphs, increases inrelatively low, seem not to change significantly, whereas a
phospholipid or glycolipid hydrocarbon chain length should decrease in their levels with increasing hydrocarbon chain
favor the formation of lamellar over normal micellar phases length would be predicted. Thus, as illustrated in Figures 2
and reversed cubic or hexagonal over lamellar phases at aand 3, respectively, the (MGDG APG)/(DGDG + PG)
constant growth temperature. ThereforeAif laidlawii B ratio does indeed decrease markedly with increases in
does indeed possess a biochemical regulatory mechanism téydrocarbon chain length, as expected, although it increases
maintain the lamellar/nonlamellar phase propensity of its at the longest chain length tested, but the GPDGDG/(DGDG
membrane lipids constant at its optimal growth temperature + PG) ratio actually declines, which is the opposite change
of 37 °C, one predicts that the proportion of the reversed to that predicted. Thus, the shifts in the proportions of the
phase-preferring lipids MGDG and APG relative to those reversed cubic or hexagonal phase and normal micelle phase-
of the bilayer phase-preferring lipids DGDG and PG should preferring to the bilayer phase-preferring membrane lipids
decrease and that the proportion of the normal micellar phase+equired to maintain the lamellar/nonlamellar phase propen-
preferring lipid GPDGDG should increase, as the chain sity of the lipid bilayer constant are not consistently observed
length of the biosynthetically incorporated exogenous fatty in any of these experiments, suggesting that this organism
acid increases. However, in the present experiments, thesenay not be capable of efficaciously regulating this property
two trends are not consistently observed. In fact, in the of its membrane lipids when the hydrocarbon chain length
methyl isobranched fatty acid series, MGDG levels remain of its fatty acids is varied.
relatively constant, and APG levels abruptly increase with  The lipid composition data presented thus far demonstrates
increases in hydrocarbon chain length, and GPDGDG levelsthe changes in the (MGD& APG)/(DGDG+ PG) and the
markedly decrease. Thus, as illustrated in Figures 2 and 3,GPDGDG/(DGDG+ PG) ratios with hydrocarbon chain
respectively, the (MGDGt+ APG)/(DGDG + PG) ratio length are not always correlated. Thus, to estimate the relative
actually increases after an initial small decrease, while the overall normal micellar/lamellar/inverted phase preference
GPDGDG/(DGDG+ PG) ratio markedly decreases with of the distribution of lipid classes present in the various fatty
increases in membrane lipid hydrocarbon chain length, acid—homogeneoug. laidlawii B membranes, we adopt a
almost the exact opposite result to that predicted. In contrast,phase preference index for the total lipid mixture. Since there
in the methyl anteisobranched fatty acid series, MGDG levels exists at present no absolute scale for ranking the phase
do decline, and GPDGDG levels do increase, as predictedpreference of various individual membrane lipids (see ref
by the lamellar/nonlamellar phase regulation hypothesis, 5), we arbitrarily assign a value &f1.0 to the micelle phase-
although the abrupt appearance of the strongly inverted preferring lipid GPDGDG, values of 0.0 to the bilayer phase-
nonlamellar phase-preferring lipid APG and the abrupt preferring lipids DGDG and PG, and values-61.0 for the
decline in the bilayer phase-preferring lipid DGDG levels inverted phase-preferring lipids MGDG and APG. The values
at the longest chain length studied would not be predicted. of +1.0, 0.0, and-1.0 were arbitrarily chosen to correspond
Thus, as illustrated in Figures 2 and 3, respectively, the qualitatively to the positive, zero, and negative intrinsic radii
(MGDG + APG)/(DGDG+ PG) ratio changes little overall ~ of monolayer curvature characteristic of normal micellar,
rather than declining significantly, although the GPDGDG/ lamellar, and inverted phase-forming membrane lipids (see
(DGDG + PG) ratio does increase significantly, as predicted. refs4 and5). We are aware of the fact that this scale is only
Finally, in thew-cyclohexyl fatty acid series, MGDG levels semiquantitative because our previous studies have indicated
do markedly decline with increases in hydrocarbon chain that DGDG may have a stronger preference for forming the
length, as predicted, but APG levels unexpectedly increaselamellar phase than does PG and that APG does have a
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Ficure 4: Plot illustrating the relationship between the phase
preference index of the total lipid mixture and the equivalent
hydrocarbon chain length in fatty acithomogeneous. laidlawii
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anteisobranched?), or w-cyclohexyl @) fatty acids.
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stronger preference for forming the inverted cubic or
hexagonal phase than does MGD&536, 37). Nevertheless,
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Table 2: Membrane Lipid Polar Headgroup Compositions of Fatty
Acid—Homogeneous\. laidlawii B Cells Grown with Single
Exogenous Fatty Acids of Variable Structure but Equivalent
Effective Hydrocarbon Chain Length

Membrane Lipid Polar Headgroup Composition
(mol %)
PG GPDGDG APG

147+ 0.8 2.7£0.3 28.6+10.0
27.6£3.2 5.3+0.7
20.3£1.6 10.0+£0.7
18614 4.7+£0.1
16:1; 5844+19 9.4+1.8 16.1+£1.6 15.94+20
18:Q 28.4+2.5 26.6+1.1 31.1+1.2 13.8+0.4

aValues presented are the mean, and average deviation from the
mean, of at least three independent determinations of the polar
headgroup composition for each fatty acid composition studied.

fatty

acid
17:Q
19:Q
17:Q4
18:Qymi

MGDG

42.1+9.6
329+ 3.2
451+ 4.1
50.8+ 5.8

DGDG

11.9+1.7
341+ 1.2
247+ 2.7
26.1+ 4.6

support good growth of this organisrgd4, 30), and all six
exogenous fatty acids have the same equivalent main chain
length of 16 carbon atoms, so that variations in fatty acid
structure could be studied independently of variations in fatty
acid chain length.

The membrane lipid polar headgroup compositions of fatty
acid homogeneouA. laidlawii B cells enriched in one of

the present index should accurately reflect the relative overallthese six exogenous branched chaians-unsaturated, or
phase preferences of the total membrane lipid mixture and w-cyclohexyl fatty acids are presented in Table 2. These

allow any major trends in the regulation of this parameter
with fatty acid chain length to be detected.

exogenous fatty acids are arranged in Table 2 in order of
their decreasing lamellar/inverted hexagonal phase phase

The relationships between the phase preference index oftransition temperatures when present in synthetic MGDGs

the total membrane lipid mixture and the effective hydro-

or PEs 28, 29). Specifically, we demonstrated previously

carbon chain length of the homologous series of methyl that the liquid-crystalline lamellar/inverted hexagonal phase

isobranched, methyl anteisobranched andyclohexyl fatty
acids present in tha. laidlawii membrane lipids is illustrated

transition temperatures of the MGDG presenfirdaidlawii
B membranes decrease in the following order: 1{@.9

in Figure 4. Since an increase in hydrocarbon chain length °C) > 19.Q;, (60.8°C) > 17:0; (56.6 °C) > 18:Qymi (52.0

favors the formation of lamellar over micellar phases and

°C) > 16:1 (38.0°C) > 18:0,4(33.1°C), and a similar order

the formation of inverted nonlamellar phases over lamellar is observed in synthetic PE&§, 29).

phases (see refis-5), one would expect thak. laidlawii B

As discussed in the introductory paragraphs.ifaidlawii

should respond to an increase in the hydrocarbon chain lengttB does indeed possess an efficient biochemical regulatory
with an increase in the phase preference index if the phasemechanism to maintain the normal micellar/lamellar/inverted
propensity of the total membrane lipids is to remain constant phase preference of its membrane lipids constant in the face
(i.e., the phase preference index should become moreof variations in the structure of biosynthetically incorporated
positive). Indeed, in the methyl anteisobranchedasayclo- exogenous fatty acids, then we can make two predictions.
hexyl fatty acid homologous series, a tendency for a modestFirst, as the lamellar/inverted hexagonal phase transition
increase in this index is observed for equivalent hydrocarbontemperature of the MGDG and APG component of the total
chain lengths of 1316, although in both cases the phase membrane lipid mixture increases, the ratio of inverted phase-
preference index declines at the longest chain length testedoreferring to lamellar phase-preferring lipids (the MGBG
because of the appearance of APG. However, in the methylAPG/DGDG+ PG ratio) should also increase to compensate
isobranched homologous series, the phase preference indefor the weaker tendency of MGDG and APG to form an
actually decreases with increasing fatty acid hydrocarbon inverted cubic or hexagonal phase at the growth temperature
chain length, a response opposite to that predicted. Overall,of 37 °C. Second, as the lamellar/inverted hexagonal phase
these results confirm thaA. laidlawii B is not able to transition temperature of the MGDG and PG components
consistently regulate the balance of normal micellar-, lamel- increases, a decrease in the micellar phase-preferring to
lar-, and inverted phase-preferring lipid components in lamellar phase-preferring lipid components (the GPDGDG/
response to alterations in the hydrocarbon chain length of DGDG + PG ratio) should also occur for the same reason.
its membrane lipids. However, as indicated in Figure 5, although one might argue

Influence of Variations in Fatty Acid Structure on Mem-
brane Lipid Polar Headgroup Compositioiio investigate
the effects of variation in fatty acid chemical structure on
membrane lipid polar headgroup distributioh, laidlawii
B cells were again grown in the presence of avidin and
supplemented with one member of six different fatty acid
classes. The six different branched ch&ians-unsaturated,
or w-cyclohexyl exogenous fatty acids selected for study all

that an overall tendency for the (MGD& APG)/(DGDG

+ PG) ratio to increase with an increasing lamellar/inverted
hexagonal phase transition may exist, there is in fact no
consistent relationship between these two variables. Specif-
ically, although the (MGDG+ APG)/(DGDG + PG) ratio

is predicted to increase in the order 18;6< 16:% < 18:

Ogmi < 17:Qy < 19:Qy, < 17:Q, the observed order of increase
is 18:Qqa < 19:Qp < 18:Qumi < 17:0y < 16:L4 < 17:Q.
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of the inverted phase-preferring lipids (MGD& APG, when Ficure 7: Plot illustrating the relationship between the phase
present) to the lamellar phase-preferring lipids (DGB®G) and preference index of the total membrane lipid mixture and thle L
the Lo/H1; phase transition temperature of the MGDG component Hy; phase transition temperature of the MGDG componen.of

of A. laidlawii B membranes made homogeneous in one of a serieslaidlawii B membranes made homogeneous in one of a series of
of exogenous fatty acids having the same effective hydrocarbon exogenous fatty acids having the same effective hydrocarbon chain
chain length but different structures. The dashed line representslength but different structures. The dashed line represents the best
the best linear fit to the experimental data. The MGD@H,; phase linear fit to the experimental data. The MGDG,/H;; phase
transition temperatures were taken from 26f transition temperatures were taken from 26f

ok i propensity of its total membrane lipid mixture, a plot of the

phase preference index, as defined earlier, versus the
lamellar/inverted hexagonal phase transition temperature of
the MGDG component of the membrane lipids, was con-
}16:1tA9 structed, and this plot is illustrated in Figure 7. If an efficient
i biochemical mechanism to regulate the overall phase prefer-

] ence of the membrane lipid exists in this organism, the
prediction would be that the phase preference index should
17:0, decrease (become more negative) as the lamellar/inverted
18:0_, TR 17:0. hexagonal phase transition temperature increases. Again,

= ¢ although it could be argued that such an overall trend is
Fen § evident in Figure 7, in fact there is no consistent relationship
between these two parameters. Specifically, although the
phase preference index is predicted to decrease in the order
18:Qq > 16:% > 18:Qym > 17:0y > 19:Qy > 17:Q, the
observed order of decrease is 186 19:Qy > 17:Q; >
FicUre 6: Plot illustrating the relationship between the molar ratio 16:1 = 18:Qum > 17:Q. Thus, ifA. laidlawii B does possess

of the micellar phase-preferring lipid (GPDGDG) to the lamellar : : :
phase-preferring lipids (DGDGF PG) and the WHy: phase a biochemical regulatory mechanism to regulate the phase

transition temperature of the MGDG componentofiaidiawii B overall preference of its membrane lipids with variations in
membranes made homogeneous in one of a series of exogenoufatty acid structure, such a mechanism appears to be rather
fatty acids having the same effective hydrocarbon chain length but imprecise in its operation.

different structures. The dashed line represents the best linear fit

to the experimental data. The MGDG,/H;; phase transition DISCUSSION

temperatures were taken from r29.
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As mentioned in the introductory paragraphs, the MGDG/

Similarly, as illustrated in Figure 6, although an overall trend DGDG ratio has been used in all previous studiesAof
for the GPDGDG/(DGDGtH PG) ratio to decrease with the  |aidlawii A, and in many previous studies Af laidlawii B,
increasing lamellar/inverted hexagonal phase transition tem-as an indicator of the overall lamellar/inverted nonlamellar
perature of the MGDG component appears to exist, the orderphase preference of the total membrane lipids of this
of decreasing GPDGDG/(DGDG PG) ratio observed is  organism. However, the lipid polar headgroup compositional
16:% > 17:0i = 18:Qai > 18:Qimi= 17:0 = 19:Q, Whereas  data presented in Tables 1 and 2 demonstrate that this ratio
the predicted order of decrease would be 180 16:1 > is not a reliable indicator of the relative amounts of inverted
18:Qymi > 17:Qy > 19:Qp > 17:0y. These results indicate  phase-preferring and lamellar phase-preferring lipid compo-
that this organism does not possess the ability to regulatenents present in tha. laidlawii membrane. For example,
either the ratio of inverted phase-preferring or micellar phase- when the hydrocarbon chain length of the methyl isobranched
preferring to lamellar phase-preferring lipids in a coherent fatty acids studied is increased in fatty acliomogeneous
manner. A. laidlawii B cells (see Table 1), the MGDG/DGDG ratio

Finally, to assess the overall ability &f laidlawii B to progressively decreases from 16.7 (DA®3.5 (17:¢), which
regulate the normal micellar/lamellar/inverted phase-forming might appear to indicate that the ratio of inverted nonlamellar
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phase-preferring to lamellar phase-preferring lipids is de- (These other glycolipid components are present in the B
creasing. However, a closer inspection of the data in Table strain in only trace amounts.) Thus, additional work/An
1 actually shows that the absolute amount of the reversedlaidlawii A, using an inclusive phase preference index
phase-preferring lipid MGDG present iA. laidlawii B approach, will be required for a direct comparison with the
membrane is increasing from 14irough 16:pand only present results oA. laidlawii B. However, we note that the
begins to decline at the longest chain length examined (17:B strain seems to grow at least as well as the A strain when
0). Thus, the decrease in the MGDG/DGDG ratio with various exogenous fatty acids are added to the growth
increasing chain length is actually due to a progressive medium or when the growth temperature is varied. Therefore,
increase in the amount of DGDG present and not to a the apparent lack of a coherent biochemical regulatory
decrease in MGDG levels. Moreover, since the amount of mechanism to finely control the balance of normal micellar/
the other lamellar phase-preferring lipid PG decreases with lamellar/inverted cubic or hexagonal lipid components in the
increases in the chain length of the biosynthetically incor- membrane of this organism does not seem to have any
porated methyl isobranched fatty acid and because of thediscernible negative effect on membrane function, at least
appearance of substantial amounts of the more stronglyunder laboratory conditions. This result in turn brings into
reversed phase-preferring lipid APG at the longest chain question whether such a regulatory mechanism is really
length tested, the ratio of lipids with a tendency to form required by this organism, particularly in its natural environ-
inverted nonlamellar as compared to those with a tendencyment in the lower intestinal tract of higher animals.
to form lamellar phases (the MGD& APG/DGDG+ PG Prior to discussing the broader significance of the experi-
ratio) actually increases with increasing hydrocarbon chain mental results obtained in this study, it is important to
length (see Figure 2), in contrast to the behavior implied by understand the lipid biosynthetic capabilitiesfoflaidlawii
the decrease in the MGDG/DGDG ratio. Moreover, although B and how these biosynthetic capabilities are regulated or
the MGDG/DGDG ratios do more accurately reflect the not by variations in growth temperature and by the fatty acid
broad trends in the relative proportions of the reversed phase-composition and cholesterol content of the growth medium.
preferring and lamellar phase-preferring lipids in the an- For a comprehensive review of previous studies in this area,
teisobranched and-cyclohexyl fatty acid series, the quan- the reader is referred to réf
titative correspondence between the individual MGDG/  Our previous work has clearly shown that this organism,
DGDG and (MGDG+ APG)/(DGDG + PG) ratio values unlike most conventional bacteria, lacks a fatty acid com-
is not good, particularly for the longest chain members of position-based homeophasic or homeoviscous regulatory
these series, and the correspondence between the MGDGechanism. Specifically, both the average chain length of
DGDG values and the phase preference index is even pooretle novo synthesized saturated fatty acids and the degree of
(data not presented). Similarly, the MGDG/DGDG ratios for the chain elongation of exogenous short chain or unsaturated
the six exogenous fatty acids of different structure but similar fatty acids byA. laidlawii B cells grown in the absence of
chain length (see Table 2) are only roughly correlated with avidin does not depend on growth temperature and is not
their (MGDG + APG)/(DGDG+ PG) ratio values and are influenced by the presence or absence of cholest&®l (
poorly correlated with the phase preference index values of 38, 39). Similarly, the uptake of single exogenous fatty acids
these fatty acids. Therefore, as demonstrated previously foror fatty acid combinations that are not substrates for the chain
A. laidlawii B cells grown without fatty acid supplementation elongation system also does not depend on growth temper-
or supplemented with a mixture of palmitic and various ature or the degree of cholesterol incorporation, either in
unsaturated fatty acid9), the MGDG/DGDG ratioisnota  normal or avidin-cultured cells3Q, 38, 39). Thus, in the
reliable indicator of the relative proportions of lamellar and absence of substantial changes in the polar headgroup
inverted phase-forming lipid components present in the distribution of theA. laidlawii membrane, which only occurs
membrane of this organism. Moreover, because the MGDG/in special circumstances (see below), this organism is unable
DGDG ratio also does not consider the presence of variableto alter the gel/liquig-crystalline phase transition temperature
quantities of the normal micellar phase-forming lipid GP- and therefore the phase state or fluidity of its membrane
DGDG, it is an even poorer measure of the overall normal lipids, which in turn restricts its ability to exploit its full
micellar/lamellar/inverted cubic or hexagonal phase propen- potential growth temperature range. However, the lack of
sity of the total membrane lipids . laidlawii. an effective homeophasic or homeoviscous adaptation mech-
The question arises as to whetherlaidlawii A and B anism permits the facile experimental manipulation of lipid
differ significantly in their abilities to regulate the overall phase state and fluidity, which in turn makes this an excellent
normal micellar/lamellar/reversed cubic or hexagonal phase-organism in which to study the correlation between lipid
forming propensities of their membrane lipids and what composition and physical properties and membrane structure
physiological consequences derive from such differences, if and function (see ref§, 7, and26).
such exist. Although it would seem that the A strainis more  In contrast,A. laidlawii B, and in particular the closely
capable than the B strain in this regard, a direct comparisonrelated A. laidlawii A, do have the ability to alter their
between these two strains is difficult because of the use of membrane lipid polar headgroup distributions somewhat in
the MGDG/DGDG ratio as a proxy for the overall phase response to changes in temperature and cholesterol incor-
preference of the total membrane lipids in previous work poration and fairly markedly in response to variations in the
on strain A (see re2). Moreover, in the A strain, later work  chain length and degree of unsaturation of biosynthetically
has shown that substantial amounts of strongly inverted incorporated exogenous fatty acids (see Pefs 6, and26).
phase-preferring glycolipids other than MGDG and APG may These lipid polar headgroup compositional alterations, which
be present under certain circumstanceg§ (7), which of usually do not significantly alter membrane lipid phase state
course are again not reflected in the MGDG/DGDG ratio. and fluidity, are of two types. The first, which involves
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primarily changes in the MGDG/DGDG ratio and has already the biosynthetic incorporation of increasing quantities of short
been discussed in the introductory paragraphs, has beerchain saturated fatty acids, which favor the lamellar phase.
rationalized as a mechanism for maintaining the lamellar/ However, this lipid biosynthetic response produces a marked
nonlamellar phase preference of the total membrane lipidsdecline in the levels of anionic PG and GPDGDG that are
relatively constant. The other lipid polar headgroup biosyn- probably required to maintain the minimal negative surface
thetic regulatory mechanism presentAn laidlawii A and charge density of the lipid bilayer, which we suggest is
B normally operates to maintain the negative surface chargeresponsible for the observed growth inhibition. This work
density of the membrane lipid bilayer relatively constant in shows that the lipid biosynthetic regulatory mechanisms
the face of variations in the salt content of the growth present in this organism may sometimes operate at cross
medium or in the cross-sectional areas of the lipids in the purposes such that it is not possible to simultaneously
bilayer that are induced by alterations in fatty acid composi- optimize all of the biologically relevant physical properties
tion or cholesterol contentd(, 41). This surface charge of the membrane lipid bilayed@).
density regulation is obtained by variations in the ratio of It is interesting to note thé. laidlawii B is capable of
uncharged glycolipids to charged phospholipids and phos- coherently regulating membrane lipid phase state and fluidity,
phoglycolipids in the membrane of this organism. Thus, for lamellar/nonlamellar phase-forming propensity, and negative
example, an increase in the salt concentration in the growthsurface charge density, at least qualitatively, under some
medium, in the degree of unsaturation of the membrane other circumstances. For example, if this organism is grown
lipids, or in the incorporation of cholesterol will decrease in the presence of large quantities of long chain saturated
the (MGDG+ DGDG)/(PG+ GPDGDG) ratio in the lipid fatty acids in the absence of avidin, cells can grow atG7
bilayer. Again, although we have argued previously that at even though it would be predicted that the gel/liquid
least inA. laidlawii B this regulatory mechanism either does crystalline phase transition temperature of the membrane
not function under certain conditions or is not fully effica- lipids would be higher than the growth temperature; thus,
cious @5), it does seem to operate in a more consistent cell growth would not be possible. Under these circum-
manner inA. laidlawii A. stancesA. laidlawii B synthesizes substantial quantities of
A. laidlawii B cells made fatty acid auxotrophic by growth APG, mainly at the expense of MGDG@l4). Subsequent
in the presence of the biotin-binding agent avidin grow studies showed that this additional glycolipid has both a
increasingly poorly at 37C when supplemented with single  considerably lower gel/liquigcrystalline phase transition
exogenous linear saturated fatty acids of decreasing hydro-temperature and a considerably higher propensity to form
carbon chain length3Q, 42). Interestingly, this progressive reversed nonlamellar phases than MGDG, the lipid that it
decrease in growth yields with decreasing hydrocarbon chainlargely replaces§, 45). This is exactly what is required to
length is not observed when cells are cultured in the presencecompensate for the elevation of the lamellar gel/liguid
of other classes of exogenous fatty acids. Moreover, normalcrystalline and lamellar liquigtcrystalline/inverted non-
growth is observed with other types of fatty acids with lamellar phase transition temperatures of the total membrane
equivalent or shorter hydrocarbon chain lengths, indicating lipids produced by the incorporation of long chain saturated
that poor growth in the presence of short chain linear fatty acids. As well, the modest increase in the total neutral
saturated fatty acids cannot be due to a decrease in membranglycolipid components relative to the anionic lipid compo-
lipid bilayer thickness per se. To understand the molecular nents observed under these circumstances should also help
basis of such growth inhibition, the growth yields, membrane compensate for the increased surface charge density that
lipid fatty acid and polar headgroups compositions, and phasewould otherwise result under these circumstances. Note,
state and fluidity of the membrane lipids were determined however, that under these conditions, total anionic lipid levels
in cells progressively biosynthetically enriched in tridecanoic remain at about 20 mol % of the total membrane lipid, so
acid (13:0) or dodecanoic acid (12:3)3. The growth of that cell growth is not inhibited by an inadequate negative
fatty acid auxotrophicA. laidlawii B cells grown in the surface charge density.
presence of binary combinations of an exogenous fatty acid In view of the apparent roles of APG in 16:0-enrich®d
that supports normal growth on its own and 13:0 or 12:0 laidlawii B membrane discussed above, it is interesting to
revealed that growth inhibition is not observed until 13:0 consider APG levels in the homologous series of methyl iso-
and 12:0 biosynthetic incorporation levels reach about 90 or anteisobranchyed ap-cyclohexyl fatty acid-homoge-
and 60 mol %, respectively, after which growth is markedly neous cells studied here. As illustrated in Table 1 and Figure
inhibited. Differential scanning calorimetric analyses of 1, APG is absent from membranes at the shorter hydrocarbon
membranes from cells maximally enriched in 13:0 indicate chain length in each case and only appears in significant
that the lipid gel/liquid-crystalline phase transition temper- quantities in membranes from cells grown with the longest
ature is unexpectedly high but that at the growth temperaturechain length member of each fatty acid class. Moreover, as
of 37 °C, the membrane lipid bilayer is almost exclusively the lamellar gel/liquig-crystalline phase transition temper-
in the liquid—crystalline state but is certainly not excessively atures of the membrane lipids decrease in the order £7:0
fluid. However, high levels of 13:0 incorporation produce a 20:Q;, > 17:Qy, the amount of APG present decreases from
greatly elevated level of the high melting, reversed non- 28.6 to 18.8 to 9.3 mol % of the total lipids. Considering
lamellar phase-preferring lipid component MGDG and that APG may reach levels near 60 mol YAnlaidlawii B
greatly reduced levels of all other membrane lipid compo- membranes highly enriched in 16:0, the progressively smaller
nents. This marked elevation of MGDG levels can be amounts of APG present in the progressively more fluid
rationalized as a regulatory response that maintains themembranes studied here can be rationalized by homeoviscous
lamellar/nonlamellar phase-forming propensity of the total regulatory theory based on the lower lamellar gel/liguid
membrane lipid mixture relatively constant in the face of crystalline phase transition temperature of this component.
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However, the appearance of any APG in cells enriched with 11
these latter three exogenous fatty acids is in any case not
required since at 37C the membrane lipids would remain
exclusively in the lamellar liquigcrystalline state even
without the appearance of this lipid component. Moreover,
it could be argued that in the already quite fluid 1#:0
enriched membranes, the presence of APG is counterproduc-

tive. As well, the appearance of APG at these longer chain 1g.

lengths also appears to be counterproductive from the

standpoint of regulating the normal micellar/lamellar/inverted 17-

nonlamellar phase propensity of the total membrane lipids
since it drives the phase preference index to lower (more

negative) values (see Figure 4), when in fact they should 19.

continue toward higher (more positive) values to compensate
for the increasing tendency of the total membrane lipids to

form inverted nonlamellar phases at longer fatty acid 51

hydrocarbon chain lengths. In fact, if account were taken of

the greater intrinsic inverted phase-forming propensity of 22.

APG relative to MGDG in calculating the phase preference
index, the magnitude of this apparently counter compensatory

effect would be greater. These latter results taken together 24.

again highlight the fact that the lipid biosynthetic regulatory
mechanisms present in this organism are sometimes unable

to optimize all of the desirable physical properties of the g

membrane lipid bilayer at the same time.

In conclusion, the results of the present study strongly
suggest thad\. laidlawii B does not coherently regulate the
normal micellar/lamellar/inverted cubic or hexagonal phase-
forming propensity of its membrane lipids in response to
independent variations in the hydrocarbon chain length and
structure of its fatty acyl chains, perhaps at least in part
because such regulation may compromise other biologically
relevant physical properties of the membrane lipid bilayer,
under these circumstances.

31.
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