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COMMENT

The Cirque du Soleil of Golgi membrane dynamics

Vytas A. Bankaitis

Department of Cell and Developmental Biclogy, Lineberger Comprehensive Cancer Cenfer, University of North Carolina School of Medicine, Chapel Hill, NC 27599

The role of lipid metabolic enzymes in Golgi membrane
remodeling is a subject of intense interest. Now, in this
issue, Schmidt and Brown (2009. J. Cell Biol. doi:10.1083/
icb.200904147) report that lysophosphatidic acid-
specific acyltransferase, LPAAT3, contributes to Golgi mem-
brane dynamics by suppressing tubule formation.

The idea that active remodeling of glycerolipid acyl chains con-
tributes to the membrane transformations required for membrane
trafficking is not new (Kozlov et al., 1989; Chernomordik et al.,
1995). However, identification of specific enzymes that execute
such functions in living cells has proven elusive. Now, an interest-
ing study by Schmidt and Brown (see p. 211 of this issue) dem-
onstrates that a lysophosphatidic acid acyltransferase (LPAAT) is
directly involved in regulating mammalian Golgi trafficking func-
tions. A variety of experimental approaches converge on a coher-
entmodel where LPA AT3 quenches the formation of Golgi-derived
tubules. In doing so, LPAAT3 opposes what is most likely a phos-
pholipase A,—mediated tubulation pathway. This balance of PLA,
and LPAAT3 activities has functional consequences for mem-
brane trafficking from the mammalian Golgi complex.
Glycerolipids, such as phosphatidic acid (PtdOH), consist
of a glycerol backbone to which three additional constituents are
esterified. Fatty acyl chains are attached at the sn-/ and sn-2 posi-
tions, and these lend glycerolipids their hydrophobic character.
The headgroup at the sn-3 position can be very simple (an —OH
group to generate diacylglycerol; DAG) or complex (i.e., another
glycerolipid molecule). In the case of phospholipids, the head-
group is linked to the backbone by a phosphoester bond (PtdOH
representing the simplest case). The three-dimensional shape of
a phospholipid molecule (cone, inverted cone, cylinder) is gov-
erned by the ratio of the axial area of the headgroup to that of
the acyl chain region. Because the sn-2 acyl chain is often un-
saturated, and therefore kinked, a suitably bulky headgroup is re-
quired to match the axial area of the acyl chain region and generate
a cylindrical molecule that packs into orderly membrane bilayers.
The basic principle is lipid shape can be regulated at the level of
either the headgroup or the acyl chains, and enrichment of non-
cylindrical lipid molecules will physically deform membranes in
predictable ways (Burger, 2000; Kooijman et al., 2005).
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Phospholipase A, (PLA,) hydrolyzes the acyl chain from
the sn-2 position of a glycerolipid molecule and, in doing so,
generates a molecule with a glycerol backbone esterified to a
fatty acid at sn-1 and to the headgroup at sn-3. This lyso-lipid
exhibits a small axial area for the acyl chain region (and is
shaped as an inverted cone that promotes positive membrane
curvature). What LPAATS do is re-acylate the sn-2 position with
a second fatty acid (or more accurately, a fatty acyl-CoA with
release of CoA as product), often an unsaturated one in higher
eukaryotes, so that the axial area of the acyl chain region is
much increased. When the headgroup of the glycerolipid is
small, as is the case with PtdOH and DAG, the renovated
glycerolipid molecule now assumes a cone shape that promotes
negative membrane curvature. The general deacylation/reacylation
cycle driven by sequential PLA,/LPAAT actions of this sort
is termed the Lands cycle (Fig. 1; Lands and Hart, 1965).
Although originally discovered as a metabolic pathway for
phospholipid acyl chain remodeling in liver, the Lands cycle
now resurfaces as a mechanism for controlling mammalian Golgi
membrane dynamics.

LPAATSs have been studied previously from the perspec-
tive of the enzymology of lipid metabolism, but their functions
from the cell biological point of view remain poorly under-
stood. The human genome sequence database identifies nine
potential LPAATSs (Leung, 2001; Shindou and Shimizu, 2009).
A functional involvement of the Lands cycle (and LPAATS)
with the Golgi complex was initially forecast by pharmacolog-
ical studies with PLA, and LPAAT inhibitors—the former in-
sults interfering with various membrane trafficking pathways
and the latter promoting others (de Figueiredo et al., 1998,
2000; Drecktrah et al., 2003; Chambers et al., 2005). Unfortu-
nately, inhibitor studies of this sort are difficult to interpret. For
instance, do the pleiotropic effects of the drugs report inhibi-
tion of multiple enzyme isoforms with various execution points,
or are these reflections of “off-target” effects?

Schmidt and Brown (2009) now report the integral mem-
brane protein LPAAT3 localizes to ER/Golgi membranes and
exhibits lyso-PtdOH acyltransferase activity. Modulation of
LPAAT3 expression has significant consequences for Golgi or-
ganization and function. siRNA-mediated silencing of LPAAT3
expression resulted in Golgi fragmentation into mini-stacks, an
exquisite sensitivity of Golgi integrity to brefeldin A (BFA), and

© 2009 Bankaitis  This article is distributed under the terms of an Attribution-Noncommercial-
Share Alike-No Mirror Sites license for the first six months after the publication date (see
http://www.jcb.org/misc/terms.shtml). After six months it is available under a Creative
Commons License (Attribution—-Noncommercial-Share Alike 3.0 Unported license, as de-
scribed at http://creativecommons.org/licenses/by-nc-sa/3.0/).

JCB

168

920z Arenigad g0 uo 3senb Aq jpd'800.06002 a0l/vSEE681/691/2/981 4Pd-8jo1ue/qol/Bi0 sseidny//:dpy woly pepeojumoq



170

Lysophospholipid
acyltransferase

o ’ o
go o) Lands’ cycle %OH
Py X
Phospholipid Acyl-CoA Lysophospholipid
PLA,
Fatty acid

Figure 1. The Lands cycle. PLA; hydrolyzes the acyl-chain from a glycero-
phospholipid to generate a free fatty acid and a lysophospholipid product.
Reacylation of lysophospholipid back to a glycerophospholipid (often with
a different acyl chain at sn-2) is catalyzed by an LPAAT and involves con-
sumption of a fatty acyl-CoA. This figure was adapted from Figure 5 in
Shimizu (2009).

elevated mis-localization of Golgi resident proteins to the ER.
Reciprocally, elevated LPAAT3 expression retards Golgi col-
lapse into the ER upon BFA challenge. These various effects
correlate with enhanced formation of Golgi-derived tubules
in the face of LPAAT?3 inhibitors (lyso-PtdOH formation fa-
vored) and depressed tubule biogenesis when LPAAT3 activity
is increased (conversion of lyso-PtdOH to PtdOH favored).
Tubulation is clearly relevant to membrane transport, as en-
hancement can (in specific cases) accelerate rates of cargo
trafficking. Interference with tubule biogenesis, or maintenance,
retards trafficking from the Golgi complex, and both anterograde
and retrograde trafficking pathways are affected (Schmidt and
Brown, 2009).

The simple physical principle that connects the Lands
cycle to tubulation is that production of inverted cone lyso-
PtdOH by a PLA, strongly promotes positive membrane curva-
ture and tubulation, whereas LPA AT3-mediated reacylation of
lyso-PtdOH to PtdOH has the opposite effect (Fig. 2). Curvature
parameters have been measured for lyso-PtdOH and PtdOH at
physiological salt and pH concentrations, and the respective
spontaneous radii of curvatures are +20A and —46A, respec-
tively (for oleoyl molecular species; Kooijman et al., 2005).
Interestingly, the measurements for lyso-PtdOH yield among
the highest positive curvature values recorded to date. One test-
able question for future investigation is whether the PtdOH
molecular species generated in Golgi membranes by LPAAT3
differ from those of bulk Golgi membrane PtdOH; that is,
whether reacylation generates PtdOH molecular species with
distinct properties such as unsaturated acyl chains at sn-2. Such
a result would forecast an acyl-chain preference for LPAAT3
and the resultant molecular species would assume more ex-
treme cone shapes that may contribute to the membrane trans-
formations that accompany fission processes (Burger, 2000;
Kooijman et al., 2005). It is also possible that newly remodeled
PtdOH is a precursor for DAG, which may be the operative
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Figure 2. Protein domains consolidate the positive membrane curvature
generated by lyso-PtdOH. PLA, hydrolyzes the acyl-chain from a phosphat-
idylcholine (PtdCho: cylindrical lipid) to generate a free fatty acid (FFA) and
a lyso-PtdCho product (positive curvature). That lyso-PtdCho (LPC) species
is further metabolized to lyso-PtdOH (LPA; greater positive curvature) by
phospholipases with concomitant release of the choline (Cho) headgroup.
The LPA is bound by proteins that “sense” curvature or bend membranes
(e.g., BAR domain), leading to further sorting of LPA to the site of deforma-
tion (in this case a budding profile). LPAAT3 antagonizes this pathway by
consuming lyso-PtdOH into PtdOH synthesis. The figure was adapted from
one generously provided to V.A. Bankaitis by Wonhwa Cho (University of
lllinois-Chicago, Chicago, IL).

fission-ogenic glycerolipid. DAG assumes even more extreme
negative curvatures than does PtdOH, and it is not subject to
electrostatic penalties associated with packing the highly nega-
tively charged PtdOH headgroup. Critical roles for DAG in
Golgi membrane trafficking are well established (Kearns et al.,
1997; Baron and Malhotra, 2002; Fernandez-Ulibarri et al.,
2007; Asp et al., 2009).

How may proteins interface with the Lands cycle in the
Golgi system? Do proteins provide the primary driving force
for membrane deformation, or is lipid metabolism the major
factor? It is unlikely to be solely the latter—at least in this
case. Simple activity of PLA, in generating lyso-PtdOH (or
other lyso-lipids) is insufficient to impose significant positive
curvature to membranes. The liberated fatty acid product will
promote negative curvature—thereby countering the effects of
the lyso-lipid. Enrichment of lyso-lipid into domains is a pre-
requisite for membrane deformation, and such enrichment can
be reinforced by proteins in several ways. First, protein do-
mains that bend membranes (e.g., BAR-domains; Frost et al.,
2009) could bind lyso-lipids by virtue of their shape character-
istics and thereby consolidate them into positively curved
domains (Fig. 2). Second, coat or motor proteins that mechan-
ically generate tubules could drive a physical rearrangement
of membrane lipids to structures that best fit their shape (Roux
et al., 2005; Krauss et al., 2008; Sorre et al., 2009). In this sce-
nario, lyso-lipids re-sort preferentially to tubules and generate
a positive feedback loop for membrane deformations with
positive curvature.

Reconstituted systems for membrane deformation use
metabolically inert membranes, and are deprived of the active
interface between lipid metabolism, proteins, and membrane
dynamics. What blind spots are inherent in such protein-driven
membrane deformation assays remains to be seen, but it will
prove increasingly true that diverse pathways of lipid metabolism,
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including the Lands cycle, lubricate the actions of proteins in
productive membrane deformation pathways. Which is more
important—proteins or lipids—in this arena? Let’s call it an
equal-opportunity collaboration.

Given the intense interest concerning interfaces of lipid
metabolism and Golgi function, it is difficult to believe that the
concept of lipid metabolism as an active participant in mem-
brane trafficking was ignored during the halcyon days when
proteins involved in vesicle biogenesis were being discovered.
Since the first demonstrations that specific lipid metabolic
pathways are central to these processes (Bankaitis et al, 1990;
Cleves et al., 1991), work from numerous laboratories has
greatly expanded the lipid—Golgi interface. The report of Schmidt
and Brown (2009) adds new sets of activities to the ever-growing
roster of lipid metabolic enzymes whose actions contribute
to the remarkable Cirque du Soleil of Golgi membrane dynam-
ics. Indeed, we may soon wonder whether there is any such
thing as a simple “housekeeping” lipid metabolic pathway in
eukaryotic cells.

Submitted: 1 July 2009
Accepted: 7 July 2009

References

Asp, L., F. Kartberg, J. Fernandez-Rodriguez, M. Smedh, M. Elsner, F. Laporte,
M. Barcena, K.A. Jansen, J.A. Valentijn, A.J. Koster, et al. 2009. Early
stages of Golgi vesicle and tubule formation require diacylglycerol. Mol.
Biol. Cell. 20:780-790.

Bankaitis, V.A., J.F. Aitken, A.E. Cleves, and W. Dowhan. 1990. An essential role
for a phospholipid transfer protein in yeast Golgi function. Nature.
347:561-562.

Baron, C.L., and V. Malhotra. 2002. Role of diacylglycerol in PKD recruitment to the
TGN and protein transport to the plasma membrane. Science. 295:325-328.

Burger, K.N.J. 2000. Greasing membrane fusion and fission machineries. Traffic.
1:605-613.

Chambers, K., B. Judson, and W.J. Brown. 2005. A unique lysophospholipid
acyltransferase (LPAT) antagonist, CI-976, affects secretory and endocytic
membrane trafficking pathways. J. Cell Sci. 118:3061-3071.

Chernomordik, L., M.M. Kozlov, and J. Zimmerberg. 1995. Lipids in biological
membrane fusion. J. Membr. Biol. 146:1-14.

Cleves, A.E., T.P. McGee, E.A. Whitters, K. Champion, J.R. Aitken, W. Dowhan,
M. Goebl, and V.A. Bankaitis. 1991. Mutations in the CDP-choline path-
way for phospholipid biosynthesis bypass the requirement for an essential
phospholipid transfer protein. Cell. 64:789-800.

de Figueiredo, P, D. Drecktrah, J.A. Katzenellenbogen, M. Strang, and W.J.
Brown. 1998. Evidence that phospholipase A, activity is required for
Golgi complex and trans Golgi network membrane tubulation. Proc. Natl.
Acad. Sci. USA. 95:8642-8647.

de Figueiredo, P, D. Drecktrah, R.S. Polizotto, N.B. Cole, J. Lippincott-
Schwartz, and W.J. Brown. 2000. Phospholipase A, antagonists inhibit
constitutive retrograde membrane traffic to the endoplasmic reticulum.
Traffic. 1:504-511.

Drecktrah, D., K. Chambers, E.L. Racoosin, E.B. Cluett, A. Gucwa, B. Jackson,
and W.J. Brown. 2003. Inhibition of a Golgi complex lysophospholipid
acyltransferase induces membrane tubule formation and retrograde traf-
ficking. Mol. Biol. Cell. 14:3459-3469.

Fernandez-Ulibarri, I., M. Vilella, F. Lazaro-Dieguez, E. Sarri, S.E. Martinez, N.
Jimenez, E. Claro, I. Merida, K.N. Burger, and G. Egea. 2007.

Diacylglycerol is required for the formation of COPI vesicles in the
Golgi-to-ER transport pathway. Mol. Biol. Cell. 18:3250-3263.

Frost, A., V.M. Unger, and P. De Camilli. 2009. The BAR domain superfamily:
membrane-molding macromolecules. Cell. 137:191-196.

Kearns, B.G., T.P. McGee, P. Mayinger, A. Gedvilaite, S.E. Phillips, S. Kagiwada,
and V.A. Bankaitis. 1997. Essential role for diacylglycerol in protein
transport from the yeast Golgi complex. Nature. 387:101-105.

Kooijman, E.E., V. Chupin, N.L. Fuller, M.M. Kozlov, B. de Kruijtf, K.N. Burger,
and P.R. Rand. 2005. Spontaneous curvature of phosphatidic acid and
lysophosphatidic acid. Biochemistry. 44:2097-2102.

Kozlov, M.M., S.L. Leikin, L.V. Chernomordik, V.S. Markin, and Y.A.
Chizmadzhev. 1989. Stalk mechanism of vesicle fusion. Intermixing of
aqueous contents. Eur. Biophys. J. 17:121-129.

Krauss, M., J.-Y. Jia, A. Roux, R. Beck, FT. Wieland, P. De Camilli, and V.
Haucke. 2008. Arfl-GTP-induced tubule formation suggests a function
of Arf family proteins in curvature acquisition at sites of vesicle budding.
J. Biol. Chem. 283:27717-27723.

Lands, W.E.M., and P. Hart. 1965. Metabolism of glycerolipids. VI. Specificities of
acyl-CoA:phospholipid acyltransferases. J. Biol. Chem. 240:1905-1911.

Leung, D.W. 2001. The structure and functions of human lysophosphatidic acid
acyltransferases. Front. Biosci. 6:D944-D953.

Roux, A., D. Cuvelier, P. Nassoy, J. Prost, P. Bassereau, and B. Goud. 2005. Role
of curvature and phase transition in lipid sorting and fission of membrane
tubules. EMBO J. 24:1537-1545.

Schmidt, J.A., and W.J. Brown. 2009. Lysophosphatidic acid acyltransferase 3 regu-
lates Golgi complex structure and function. J. Cell Biol. 186:211-218.

Shindou, H., and T. Shimizu. 2009. Acyl-CoA:lysophospholipid acyltransfer-
ases. J. Biol. Chem. 284:1-5.

Shimizu, T. 2009. Lipids as mediators in health and disease: enzymes and recep-
tors as therapeutic targets for the regulation of immunity and inflamma-
tion. Annu. Rev. Pharmacol. Toxicol. 49:123-150.

Sorre, B., A. Callan-Jones, J.-B. Manneville, P. Nassoy, J.F. Joanny, J. Prost, B.
Goud, and P. Bassereau. 2009. Curvature-driven lipid sorting needs prox-
imity to a demixing point and is aided by proteins. Proc. Natl. Acad. Sci.
USA. 106:5622-5626.

THE LANDS CYCLE AND GOLGI DYNAMICS ¢ Bankaitis

171

920z Atenige g0 uo 1senb Aq Jpd 80006002 A2l/¥SEE68L/691/2/981 APpd-alomue/qol/Bi0 ssaidny;/:dny wol pspeojumoq



