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ABSTRACT. The formation of phosphatidic acid (PA) from lysophosphatidic acid (LPA), diacylglycerol,

or phosphatidylcholine plays a key role in the regulation of intracellular membrane fission events, but the
underlying molecular mechanism has not been resolved. A likely possibility is that PA affects local
membrane curvature facilitating membrane bending and fission. To examine this possibility, we determined
the spontaneous radius of curvaturgy) of PA and LPA, carrying oleoyl fatty acids, using well-established
X-ray diffraction methods. We found that, under physiological conditions of pH and salt concentration
(pH 7.0, 150 mM NaCl), théR, values of PA and LPA were-46 A and+20 A, respectively. Thus PA

has considerable negative spontaneous curvature while LPA has the most positive spontaneous curvature
of any membrane lipid measured to date. The further addition &f @i not significantly affect lipid
spontaneous curvature; however, omitting NaCl from the hydration buffer greatly reduced the spontaneous
curvature of PA, turning it into a cylindrically shaped lipid molectRgp(0f —1.3 x 1 A). Our quantitative

data on the spontaneous radius of curvature of PA and LPA at a physiological pH and salt concentration
will be instrumental in developing future models of biomembrane fission.

Intracellular membrane transport occurs through the selec-specialized proteins. Recent evidence suggests that these
tive fission and fusion of membrane bound transport carriers proteins do not act alone but in concert with specific
(TCs)}! which contain specific lipid and protein carg) ( membrane lipids, such as phosphoinositides), diacyl-

Just prior to fission the TCs consist of a bud, which can be glycerol (DAG) (7, 8), and phosphatidic acid (PAY,(9—11).

a vesicular or large saccutatubular (pleiomorphic) struc-  The role of these lipids maybe 2-fold: (i) to recruit
ture, connected to the membrane by a narrow neck. Fissionspecialized proteins to the sites of fission and fusion and
is the process that severs the neck releasing the TC from(ii) to facilitate membrane bending and the formation of
the donor membrane, and fusion is the process by whichhighly curved intermediates, and thus reduce the energy
the TC merges with an acceptor membrane. The molecularbarriers of fission and fusion. In the current study we focus
rearrangements that accompany fission and fusion are relatedpn PA and the related lipid lysophosphatidic acid (LPA).

both requiring restructuring of the equilibrium bilayer  Formation of PA is a recurring theme in signaling
configuration into highly curved non-bilayer intermediates pathways regulating Golgi membrane transpaf, (L1). In
(23). . ' the Golgi, PA is generated by ARF-activated PLD, which
Fission and fusion are hlghly regulated eve.nts and do not converts phosphatidylcholine (PC) into PA and cholib@)
occur spontaneously in vivo, but under strict control of phy DAG-kinasesT), and by 50 kDa brefeldin A ribosylated
substrate (BARS). In in vitro experiments on isolated Golgi
T B.d.hK., E.IIE.K., and K.N.J.B. are SUonrted by NWO/FOM/AlaV\é, membranes, BARS was shown to act as an enzyme convert-
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Of particular interest is the spontaneous curvature of PA
and LPA because local changes in spontaneous monolayer
curvature are known to affect membrane fission and fusion
events 8, 14—16). Lipid spontaneous (or “intrinsic”) cur-
vature is a quantitative measure of the effective lipid
molecular shape, and describes the tendency of a lipid specie
to form non-bilayer (curved) structure$7—20). The aim
of the current study was to directly measure the spontaneousg
curvature (the inverse of the spontaneous radius of curvature)§
of PA and LPA at a physiological pH and salt concentration. £
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Our study extends previous more qualitative studies on the
molecular shape of (L)PA2(l—24), and now allows theoreti-
cal models of biomembrane fission to be develogzd 6).

We show that, under physiological conditions of pH and ionic

strength, PA has a negative spontaneous curvature that is

slightly less pronounced than that of dioleoylphosphatidyle-
thanolamine (DOPE), while LPA has a spontaneous curvature
that is considerably more positive than that of lysophos-
phatidylcholine (LPC).

MATERIALS AND METHODS

Sample PreparationL,2-Dioleoylsn-glycero-3-phospho-
ethanolamine (DOPE), 1,2-dioleogtrglycero-3-phosphate
(monosodium salt) (DOPA), and 1-oleastglycero-3-
phosphate (sodium salt) (LPA) were purchased from Avanti
Polar Lipids (Birmingham, AL). Lipid purity was checked
by thin-layer chromatography and judged to be more than
99%.n-Tetradecane (td) was purchased from Sigma-Aldrich
Canada Ltd. (Oakville, ON). Water used in the X-ray
experiments was doubly distilled.

Lipid stocks, prepared on the basis of dry weight, were
dissolved in chloroform/methanol (2/1 by volume). In the
case of LPA a small0.6% of total solvent volume) amount
of water was added to fully dissolve the lipid. From these
solutions mixtures of different DOPA/DOPE and LPA/DOPE
composition were prepared and then dried by rotary evapora-
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Ficure 1: Hydration curves relating the hexagonal phase lattice
dimension to water content for various mixtures of (A) DOPA/
DOPE/td and (B) LPA/DOPE/td. Horizontal lines represent the
equilibrium lattice dimension determined by the averaiyg,
measured in excess water.

tion and vacuum desiccation. To relieve interstitial packing (18:1c) fatty acids, because membrane fission induced by
stresses, 16 wt % tetradecane was added to the dried lipicthe LPA acyltransferases, BARS and endophilin, appears to
stocks and equilibrated for 72 h as previously descri2&d ( be most efficient in the presence of unsaturated fatty acyl-
26). Aliquots from each stock were hydrated by either (1) CoA (9, 12). The spontaneous radius of curvature of DOPA

adding weighed amounts of water; (2) adding excess amountsand LPA can be determined from the (de)hydration behavior
of buffer, 25 mM Tes, 25 mM Mes, 150 mM NaCl set to of mixtures containing increasing amounts of (L)PA in

pH 7.0 using NaOH; or (3) adding excess amounts of buffer DOPE. A prerequisite is that hydrocarbon chain stress is

as above containing an additional 25 mM CaQleflon
shavings, to provide an internal X-ray calibration standard
with a repeat spacing of 4.87 A, were added just prior to
sealing the samples between Mylar windows 1 mm apart.
X-ray Diffraction. The hexagonal (i) phases formed by
the various DOPE/DOPA/td and DOPE/LPA/td mixtures
were analyzed using X-ray diffraction, as describ28—
28). A Rigaku rotating anode X-ray generator produced a
Cu Koy line (1 = 1.540 A), isolated using a bent quartz
crystal monochromator. Guinier X-ray cameras were used
to capture the diffraction patterns photographically. Samples
were investigated at 22.& 0.5 °C and hexagonal repeat
spacings determined with a measuring error400.1 A.
X-ray data analysis was performed according to 28s
30.

RESULTS

Spontaneous Radius of Gature of DOPA and LPAIn
this study we focused on PA and LPA carrying oleoyl

relieved by the addition of 16 wt % tetradecara®,(31).
Under these conditions the curvature that is expressed by
the lipid monolayers in the Hphase is very close to the
spontaneous (intrinsic) curvature, and can be calculated from
the hexagonal phase dimensidipy determined by small-
angle X-ray reflection.

Figure 1A and Figure 1B show hydration curves for lipid
mixtures of varying composition consisting of DOPA/DOPE/
td and LPA/DOPE/td, respectively. The hexagonal phase
dimensiondnex changed with the volume fraction of added
water. At low hydrationghex increased proportionally with
the volume fraction of water. This proportional dependence
was used to determine one of the parameters used in the
calculation of the spontaneous radius of curvature, namely,
the volume fraction of water inside the,Hphase at full
hydration (i.e. in excess wate2(, 27)). A second parameter
used in the calculation is the lattice dimension in excess
water, the equilibrium lattice dimension, indicated by the
horizontal lines in Figure 1A,B. These equilibrium lattice
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Table 1: The Spontaneous Radius of Curvafgeand Spontaneous CurvatureRg/for (L)PA and DOPE in Comparison to Literature Data

pH 7.0P
pH 7.02 150 mM NaCl+
water 150 mM NacCl 25 mM C&"
Rop (A) 1/Rop (A1) Rop (A) 1/Rop (A7Y) Rop (A) 1/Rop (A7Y) refs
DOPA -130 -0.0077 —46 -0.022 —43 -0.023 this study
LPAC +20 +0.050 +20 +0.050 +23 +0.043 this study
DOPE —27+ 14 —0.037 —23+1d —0.043 —22+1d —0.045 this study
DOPE —28.5+2 —0.035 27
DAG¢® —-11 —0.090 27
LPC® +38 +0.026 29
DOPS +144 +0.0069 30
DOPC —140 to—200 —0.0071to 26
—0.0050

a|n buffer (25 mM Tes, 25 mM Mes set with NaOH) at pH 7.0 containing 150 mM Na@ .buffer (25 mM Tes, 25 mM Mes set with NaOH)
at pH 7.0 containing 150 mM NaCl and 25 mM CaClOleoyl! fatty acid chain(s)! Range between data from PA and LPA datasets: (2).
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Ficure 2: Plot of the average equilibrium lattice dimension for 0.040
DOPA/DOPE/td and LPA/DOPE/td mixtures.
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dimensions were obtained by averaging the lattice dimensions |, |
at high volume fractions of water, and are shown in Figure ®
2 as a function of (L)PA content. 0.034 1

To calculate the spontaneous radius of curvature of (L)-
PA we established that a well-defined pivotal plane exists
using so-called diagnostic plot&%). The linearity of these
plots (data not shown, linear regression coefficiaritef 0.028
0.85 for DOPA and? of 0.91 for LPA containing mixtures) °
indicated that for both DOPA and LPA containing samples 0.026 1
a pivotal plane could be defined and that the spontaneous . , , , , ,
curvature, 1Ry, to this plane could be calculated. The 0.00 0.05 0.10 0.15 020 025 030
spontaneous curvature is shown in Figure 3 as a function of mole fraction LPA
(L)PA content. The linear relationship allows the spontaneous Ficure 3: Plot of the absolute value of the spontaneous curvature,
radius of curvature of the individual lipids to be calculated '(13/)R°EFﬁ?gégtee/?datrﬁ&?ﬂ?tglspf'}ﬁ;&ri éﬁ) 3058{50;%@&%
(see ref27). The results_are shown in Table 1 an_d_are content, respectively. Linear regression analysis (in panet 4,
compared to values previously measured for other lipids.

0.96; in panel By2 = 0.96) gives (A)RyPoPA = —1.3 x 10 A
Effect of Salts on the Spontaneous @iure of (L)PA. and Ry,POPE = —26 A and (B)Rop-"* = +20 A andRy,POPE =
In the X-ray experiments discussed above, samples were™27
hydrated with doubly distilled water and pH was not water without NaCl (Figure 4 A,B), indicating that the
controlled. Because screening of lipid headgroup charge byaddition of salt results in a more negative spontaneous
cations is expected to affect lipid packing and spontaneouscurvature (1Ry,) of the mixed lipid monolayers in the ,H
curvature, we determined the effects of physiological salt phase. Note that the addition of salt also slightly affected
concentrations on the lipid spontaneous curvature of (L)PA. the spontaneous curvature of DOPE (Figure 4 and Table 1)
Mixtures of DOPA/DOPE/td and LPA/DOPE/td were equili- in agreement with published calorimetric da&2,(33).
brated in an excess of buffer containing 150 mM NaCl at  To estimateRy, for (L)PA from the equilibrium lattice
pH 7.0. The equilibrium lattice spacings were significantly dimensionghey found at pH 7.0 and 150 mM NacCl, we used
smaller than those found in the samples hydrated in excesghe proportional dependence found for the hydration behavior

0.032 4
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DOPA Table 3: Equilibrium Lattice Parametemdex andd;, for LPA/
2 A DOPE/td Mixtures
5 oo | 80 pH 7.0+
'2. pH 7.0+ 150 mM NaCl+
S o water 150 mM NaCl 25 mM CaC}
2 mol %
g - LPA  dhex(A) di(A)  dhex(B) d(A)  dhex(A)  d(A)
g . " 0.0 67.8 37.3 61.6 37.4 60.5 374
£ 70 . ° 3.8 71.2 37.2 il nd nd nd
= L o ° 5.6 74.8 36.9 nd nd nd nd
2 o o 7.5 76.5 36.8 nd nd nd nd
% 60 1 8.6 76.8 36.8 66.7 37.3 64.9 37.4
g 9.0 79.6 36.5 nd nd nd nd
11 85.6 35.8 nd nd nd nd
50 . : . i . : 14 88.6 35.4 77.4 36.7 74.2 37.0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 18 nd nd 86.7 35.7 82.7 36.2
23 nd nd 98.3 33.7 91.7 34.9
100 a2 Not determined.
LPA o
gx . Ho B 0.05
_52 90 1 O salt [ o
5 - 0.04 -
% 80 1 ™
g . j: 0.03 -
':g 70 . =
c n o 0:3'
2 S 0024
% 60
g
0.01 4 ® DOPA
50 . . . . . . O LPA
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
mole fraction (L)PA 000 ' ' ' ' ' '
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Ficure 4: Plot of the equilibrium lattice dimension measured in
doubly distilled water (squares) and Mes/Tes-NaOH buffer at pH
7.0 containing 150 mM salt (circles) for (A) DOPA/DOPE/td FIGURES: Plot of the absolute value of the spontaneous curvature,
mixtures and (B) LPA/DOPE/td mixtures. |1/Ropl, at pH 7.0 in the presence of 150 mM NaCl calculated at
the pivotal plane for DOPA/DOPE/td (solid circles) and LPA/
DOPE/td (open circles) mixtures as a function of DOPA and LPA
content, respectively. Linear regression analyis=(0.98 and 0.97

for PA and LPA dataset respectlvely) glv$ DOPA = —46 A,

mole fraction (L)PA

Table 2: Equilibrium Lattice Parameteidex andd;, for DOPA/
DOPE/td Mixtures

pH 7.0+ RopPA = +20, andRoPoPE= —22 + 1
pH 7.0+ 150 mM NaClH
mol % water 150 mM NaCl 25 mM CaC} NaCl, whereas the spontaneous curvature of LPA remains
DOPA thex(B) di(A) dhex(B) di(A)  dhex(B) i (A) unchanged within experimental error.

0 66.8 373 616 375 60.5 375 Flnall_y we |nvest|gatepl the effect of &aon the spontane-

6.4 705 37.0 62.8 37.4 62.9 37.4 ous radius of curvature in the presence of salt. Samples were
12 73.5 36.7 64.4 37.4 63.7 37.4 equilibrated in buffer at pH 7.0 containing 150 mM NacCl
18 753 364 668 373 65.0 374 and 25 mM CaGli.e. in large excess as compared to (L)PA
25 7.4 36.1 676 37.2 66.3 373 (C&*/(L)PA molar ratio> 10). The addition of calcium onl
31 nd  nd 685 372 677  37.2 = ). y

slightly (see Tables 2 and 3) reduced the equilibrium lattice
dimension. The spontaneous radius of curvature calculations
(Table 1) indicate that the addition of €adoes not

aNot determined.

in water, to determine the volume fraction of water (buffer) \! <’
present in the Hphase. We assumed that the lipid molecular S|gn|f|cantly affect the spontaneous_ curyature of (L)PA at
dimension,d, (see ref27), is equal to that found for the neutral pH in the presence of physiological salt concentra-
corresponding lattice dimension in Figure 1 (i.e. in the tOns.

presence of only water). This is a reasonable assumpt'onDISCUSSION

because many previous measurements (see e 30)rshow

that changes id, are small considering the changes observed The local formation of PA plays a key role in the
in the equilibrium lattice dimensions in this study (Tables 2 regulation of intracellular membrane fission events, possibly
and 3). The spontaneous curvatures for the individual by affecting local membrane curvature. To examine this
mixtures were calculated as before and are shown in Figurepossibility we determined the spontaneous curvature of
5. From the linearity of this plot we determined the DOPA and LPA under physiological conditions of charge
spontaneous radius of curvature for DOPA, LPA, and DOPE. and salt concentrations. The spontaneous curvatuiRg,, 1/
The results summarized in Table 1 indicate that the spon-is the inverse of the spontaneous radius of curvaRggelt
taneous curvature of DOPA is strongly affected by 150 mM is a quantitative measure of effective lipid shape, and
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describes the intrinsic propensity of a particular lipid to form rise in cytosolic C& concentration is not likely to trigger a
curved, non-bilayer, structure$q, 20). Table 1 summarizes change in lipid shape of PA in vivo.
the spontaneous curvature data obtained for PA and LPA Spontaneous Cuature of LPAThe spontaneous curvature
(this study) in comparison to literature data on other of LPA found in water is large and positive. Comparing our
membrane lipids. Both the spontaneous radius of curvatureresults to the literature data (Table 1) we find that LPA has
Rop (first column) and its inverse, the spontaneous curvature a spontaneous curvature that is larger than that of LPC. Under
1/Ryp (second column), are shown. A small (i.e. close to zero) more physiological conditions of neutral pH and in the
positive or negative spontaneous curvature (i.e. a largepresence of 150 mM salt, LPA appears to have the same
positive or negative spontaneous radius of curvature) de-spontaneous curvature as in pure water and further addition
scribes a lipid that prefers a bilayer organization with little of 25 mM CaC}, at neutral pH, had no significant effect on
intrinsic curvature (e.g. DOPS and DOPC, respectively, seethe spontaneous curvature.
Table 1). Lipids with a large negative spontaneous curvature The fact that the spontaneous curvature of LPA in water
(a small and negative spontaneous radius of curvature), likeis larger than that of LPC is remarkable in view of the small
DAG, form structures with a large negative monolayer size of the phosphate headgroup as compared to the phos-
curvature such asHohases, and lipids with a large positive phocholine headgroup of LPC. Clearly, the spontaneous
spontaneous curvature, such as LPC, form structures with acurvature of LPA is dominated by lipid headgroup repulsion,
large positive monolayer curvature, like spherical micelles which dramatically increases the effective size of the lipid
or the H phase. headgroup, similar to the situation described earlier for
Spontaneous Cuature of DOPA.The spontaneous cur- DOPA in water (see above).
vature measured for DOPA in water is close to zero and In the case of DOPA, salt addition changed lipid sponta-
thus comparable to that of other lipids that form lamellar neous curvature from close to zero, i.e. essentially cylindrical,
phases (see Table 1); i.e. under these conditions PA behaveto large and negative. The reasons why salts apparently do
as a cylindrically shaped lipid. Under more physiological not change the spontaneous curvature of LPA are not easily
conditions of neutral pH and in the presence of 150 mM understood but may lie, to a first approximation, in a different
salt, PA has a considerably more negative spontaneouseffect of salt addition on the effective size of the lipid
curvature, in fact approaching that of DOPE. Further addition headgroup, and cross-sectional area of the acyl chain(s). In
of 25 mM CaCl}, at neutral pH, does not have a significant the case of DOPA, the cross-sectional area of the acyl chains
effect on the spontaneous curvature of DOPA. is larger than the effective size of the phosphate headgroup,
These results can be understood by considering that lipidand, both in the absence and in the presence of salts, lipid
spontaneous curvature depends not only on molecularpacking is dominated by the acyl chains: salts reduce the
structure but also on intermolecular interactions within the effective size of the lipid headgroup without major effects
lipid monolayer. Electrostatic repulsion between polar head- on lipid packing or cross-sectional area of the acyl chains.
groups increases the effective area occupied by the headgroup different situation arises for LPA which carries a single
and, thus, has the effect of adding positive spontaneousacyl chain, and where lipid packing is dominated by the
curvature. Electrolytes reduce electrostatic repulsion betweeneffective size of the lipid headgroup: salts reduce not only
charged lipid headgroups, decreasing their effective size, andhe effective size of the lipid headgroup but also lipid
thus shift spontaneous curvature toward more negative packing. Thus a speculative explanation for the absence of
values. Note that the change in spontaneous curvature ofan effect of salts on the spontaneous curvature of LPA
DOPA induced by salt is not caused by a change in the netassumes that salts reduce both the effective size of the lipid
charge of the lipid headgroup. We directly determined this headgroup and the cross-sectional area of the acyl chain, and
charge by solid stat#P? NMR methods and found that the both to the same extent. However, alternative explanations
headgroup charge on (L)PA in water falls in a relevant can as yet not be excluded.
physiological range and is not affected by salt addition (data Biological Implications.The conversion of LPA into PA
not shown). by the fission proteins BARS and endophilin has been
The effect of Ca" on the spontaneous curvature of DOPA implicated in two different membrane fission events, BARS
appears to depend critically on lipid headgroup charge. At at the level of the Golgi and endophilin in endocytosis. Our
acidic pH, the average charge of PA approaches orfdata data are compatible with the initial hypothesi®) that a
not shown) and Ca is expected to bind two PA molecules conversion of LPA into PA might impose negative curvature
resulting in an effective lipid molecule with a more negative on the membrane facilitating membrane constriction. How
spontaneous curvature, similar to the effects of@inding this putative change in curvature would facilitate the overall
on the molecular shape of cardiolipi84). Indeed, submil-  fission process, however, is unclear, and alternative models
limolar concentrations of Ca are sufficient to induce a  cannot be excluded (for a comprehensive discussion of
bilayer-to-H, phase transition in DOPA at 3T, but only alternative models see re?sand24). For example, acylation
at acidic and not at neutral pi24). At neutral pH, PA carries  of LPA not only changes lipid spontaneous curvature but
on average more than one @ata not shown) and probably also results in a slight increase in lipid molecular area which
does not bind CH directly. Under these conditions, €a might, in principle, drive membrane budding by creating
should merely have a charge screening effect, similar to thatsurface area asymmetry between the two membrane leaflets
mediated by salt, and therefore does not significantly change(35). However, such a mechanism requires a considerable
the spontaneous curvature of PA at physiological salt transmembrane surface area asymmetry, and is therefore
concentrations. Our finding that, at neutral pH and in the unlikely, given the relatively small amount of LPA present
presence of a physiological salt concentratior?,'Ges not in biomembranes (typically below 0.6% in Golgi membranes
affect the spontaneous curvature of PA indicates that a local(9)) and the fact that acylation only increases lipid molecular
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area by~45%. Thus, a role of (L)PA in membrane bending
and fission is more likely to be related to a changdoical
spontaneous curvature than to an increasglabal trans-
membrane surface area asymmetry (also seegefndeed,

a recent theoretical study shows that if the conversion of
LPA into PA is followed by a further metabolism to DAG,

a membrane lipid with a more extreme negative spontaneous

curvature 26, 27) (see Table 1), then the pearling of Golgi

membranes upon treatment with BARS can be understood

(16). Although the crucial role of BARS in Golgi membrane
fission was recently confirmed in in vivo experimeng8),

the

role of PA and the putative conversion of LPA into PA

have not yet been resolved. A likely possibility is that the
conversion of LPA into PA is only one step in a series of
steps leading up to fission in which the different lipid and

protein factors work synergistically as suggested in a recent

study of BARS-dependent mitotic Golgi fragmentati@6)(

The quantitative data on the spontaneous radius of curvature

of PA and LPA at physiological pH and salt concentration
presented in the current study will be instrumental in
developing future models of biomembrane fission.
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