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Cell membranes are resilient materials 
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• The dominant force that holds membranes together is contributed by water

• Water molecules form hydrogen bonds with each other and are constantly formed 

and broken and hence dynamically arranged and stabilized by entropy

• Entropy that stabilizes the structure of water is a bulk phenomenon

• Inclusion of hydrophobic molecules lowers entropy of the system since their 

presence reduces the possible number of hydrogen bonds that can be formed 
around water molecules 


• Important weak interaction determined by the penalty for disrupting water 
structure


• No special attraction between hydrophobic molecules, results from cohesion of 
water molecules


• ΔG of transfer of -CH2- from water to hexane = -0.9 kcal/mol

How do lipids aggregate to form membranes?

How hydrophilic and hydrophobic molecules interact differently with water.
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Figure 10-3. How hydrophilic and hydrophobic molecules interact differently with water. (A) Because acetone is polar, it 
can form favorable electrostatic interactions with water molecules, which are also polar. Thus, acetone readily dissolves in 
water. (B) By contrast, 2-methyl propane is entirely hydrophobic. It cannot form favorable interactions with water and it would 
force adjacent water molecules to reorganize into icelike cage structures, which increases the free energy. This compound 
therefore is virtually insoluble in water. The symbol δ- indicates a partial negative charge, and δ+ indicates a partial positive 
charge. Polar atoms are shown in color and nonpolar groups are shown in gray. 
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• The hydrophobic effect ensures that the 
fatty acyl chains of lipids are screened 
from water as much as possible. 


• This results in formation of ordered 
aggregates of lipids 

• Family of supramolecular aggregates 
that spontaneously form by self-
assembly


• This requires that several lipid 
molecules act together


From: Mouritsen, O.G. 2005. Life - as a 
matter of fat

Lipids form ordered aggregates



Antonny et al. (2015) Trends Cell Biol.

At high curvatures, the hydrophobic effect 
ensures resilience

organization [43]. Second, many ER chaperones are depen-
dent on calcium [44], the homeostasis of which is altered
under palmitate accumulation.

Intriguingly, recent studies suggest that lipid disequi-
librium could induce UPR by a direct effect on IRE1 and
PERK [45,46]. Mutants of these proteins lacking the lumi-
nal unfolded protein-sensing domain still respond to in-
creased lipid saturation [45]. Moreover, increasing PL
saturation in reconstituted liposomes that are devoid of
unfolded ER client proteins enhanced the activity of a
PERK variant devoid of its luminal domain [45]. Even
though the mechanism for saturated PL-induced PERK
clustering is a matter of debate [47], these observations
suggest that misfolded protein accumulation may not be
the only signal for UPR induction under SFA accumula-
tion. Dimerization of IRE1 and PERK upon overload of the
ER membrane with saturated-PLs might allow the cell to
anticipate future protein misfolding problems induced by
these lipids. Conversely, the fact that a component of the
ERAD machinery, Ubx2p, has been identified as a key
activator of yeast D9 desaturase [48] suggests a feedback
loop whereby ER stress induced by misfolded proteins
promotes correction of the ER unsaturation level.

PL monounsaturation, membrane curvature, and
protein adsorption
How the ratio between saturated and monounsaturated
PLs controls transmembrane helices oligomerization at
the ER remains elusive, although several mechanisms
have been proposed [49]. By contrast, the monounsaturat-
ed/saturated PL ratio has another impact that is more

straightforward to rationalize. Introducing monounsatu-
rated PLs at the expense of saturated ones facilitates the
membrane adsorption of several cytosolic proteins acting
on the ER or ER-derived organelles such as autophago-
somes or Golgi [2]. In general, these proteins contain large
amphipathic membrane anchors, and their preference for
monounsaturated PLs correlates with an acute sensitivity
to membrane curvature [2,50,51].

The motifs that allow peripheral proteins to sense the
combinatory effects of monounsaturated PLs ratio and
membrane curvature have been reviewed elsewhere
[50]. We recall here the underlying mechanism, which
revolves around the idea of ‘voids’ or lipid-packing defects
(Figure 2A). In this simple geometrical model, lipids are
considered as rather stiff objects. When membrane curva-
ture increases, or when monounsaturated PLs are substi-
tuted for saturated ones, the lipid geometrical
arrangement is perturbed and packing defects gradually
appear, which could host hydrophobic anchors from pro-
teins [52,53].

Combining the effect of curvature and lipid monounsa-
turation in vitro can change protein adsorption by two
orders of magnitude, suggesting a potent regulatory mech-
anism [50–52,54]. Testing the relevance of this mechanism
in vivo is challenging because it requires mastering both
the geometry and lipid composition of cellular membranes.
However, recent data are in agreement with the model.
Excess levels of saturated PLs hamper processes as diverse
as ER-to-Golgi trafficking or autophagosome formation,
and promote the membrane dissociation of some key asso-
ciated proteins [54–57].
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Figure 2. Cooperation between monounsaturated phospholipids (PLs) and curvature for protein insertion. (A) Elementary view of the effects of membrane curvature and
lipid monounsaturation on the formation of lipid-packing defects. This naive model considers the gross shape of lipids as well as their relative tilting due to curvature. It
accounts, at least qualitatively, for the cumulative effects of membrane curvature and lipid monounsaturation on the adsorption of model amphipathic motifs at the
membrane-water interface [50,52,53]. (B) Molecular dynamics simulations give a more realistic view of the effect of lipid composition and membrane shape on the
formation of lipid-packing defects [54,58–60]. The example shown here considers a membrane tube made of a single lipid (C16:0-C18:1-PC) that has been ‘coarse-grained’ to
minimize calculations. Scanning the membrane surface allows identifying ‘voids’ (i.e., lipid-packing defects). The statistical distribution of these voids confirms the
cumulative effects of membrane curvature and monounsaturation on lipid-packing defects.
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Lipid composition Vance

Table 1: Lipid composition of a typical nucleated mammalian cell

Percentage of total lipidsa

Phosphatidylcholine 45–55
Phosphatidylethanolamine 15–25
Phosphatidylinositol 10–15
Phosphatidylserine 5–10
Phosphatidic acid 1–2
Sphingomyelin 5–10
Cardiolipin 2–5
Phosphatidylglycerol <1
Glycosphingolipids 2–5
Cholesterol 10–20

aData are averaged from several sources.

tissues of mammals have defined phospholipid compo-
sitions and major alterations in the phospholipid con-
tent of mammalian membranes are not well tolerated. In
addition, the different organelles of mammalian cells also
have distinct phospholipid compositions although, in gen-
eral, the differences in lipid composition are quantita-
tive rather than qualitative. Thus, a fundamental biological
question regarding the functioning of cells is: how is the
unique phospholipid composition of the various organelle
membranes established and maintained? Table 2 com-
pares the phospholipid compositions of several subcellular
organelles isolated from rat liver. The values given in Table 2
are approximate because isolation of pure organelles is dif-
ficult and is usually confounded by contamination of the
enriched organelle fraction by other organelle membranes.

In all organelles of mammalian cells, PC is the major
phospholipid, comprising 40–50% of total phospholipids.
PE is the second most abundant phospholipid in mam-
malian cells and is particularly enriched in inner mem-
branes of mitochondria (∼35–40% of total phospholipids)
compared with other organelles (∼17–25%). The high con-
tent of PE in mitochondria is consistent with the hypothesis
that mammalian mitochondria originated from a symbi-
otic relationship between primitive mammalian cells and
bacteria. The PS content of mitochondrial inner mem-
branes and lysosomal membranes is much lower than that
of the endoplasmic reticulum (ER), nucleus, Golgi and
plasma membrane. Cardiolipin (CL), which is required
for normal functioning of mitochondria, is present only
in mitochondria, particularly in the inner membranes (2);
the detection of cardiolipin in non-mitochondrial mem-
branes is probably due to contamination of the isolated

membrane fraction by mitochondria. The plasma mem-
brane is highly enriched in SM and cholesterol compared
with other organelles (Table 2). Consequently, the molar
ratio of cholesterol:phospholipid in the plasma membrane
is ∼0.75 whereas this ratio is <0.1 in the ER and mitochon-
dria. Multiple glycosphingolipid species are also present
in mammalian cells and are highly enriched in the outer
leaflet of the plasma membrane compared with other
organelles. Thus, although most of the major phospho-
lipid classes are present in all organelle membranes, some
phospholipids are more abundant in one organelle than
in others (Table 2; reviewed in 3). This unequal distribu-
tion of phospholipids among organelles raises the question
of how this distribution arises. Several mechanisms might
be responsible for establishing the distinct phospholipid
compositions of organelle membranes. First, the enzyme
that synthesizes the phospholipid that is enriched in an
organelle might be localized primarily to that organelle.
Second, the enzymes that degrade the enriched phospho-
lipid might be less active in that organelle compared with
other organelles. Third, distinct pathways might exist for
transport of a specific phospholipid between the organelle
that synthesizes that phospholipid and the membrane in
which the phospholipid is enriched.

In addition to the unequal distribution of phospholipids
among organelle membranes, phospholipids are also asym-
metrically distributed across the two sides of the membrane
bilayer. For example, in the plasma membrane of mam-
malian cells, PE and PS are normally highly enriched in
the inner, compared with the outer, leaflet of the bilayer,
whereas PC and SM are enriched in the outer leaflet (4).
This asymmetric transbilayer distribution of phospholipids
in the plasma membrane serves important physiologi-
cal functions. For example, during apoptosis PS becomes
exposed on the external leaflet of the plasma membrane
thereby targeting the apoptotic cell for engulfment via PS
receptors on macrophages (5). Moreover, movement of PS
from the cytoplasmic to the external leaflet of the plasma
membrane of platelets is required for initiation of the blood
clotting cascade (6).

The active sites of enzymes that catalyze the terminal
reactions of most phospholipid biosynthetic pathways are
located on the cytosolic face of the ER (7). Yet, phospho-
lipids that are made on the cytosolic side of the membrane

2 Traffic 2015; 16: 1–18

Vance, J. E. (2014). Phospholipid Synthesis and Transport in Mammalian Cells. 
Traffic, 16(1), 1–18.



Lipid distribution

Vance, J. E. (2014). Phospholipid Synthesis and Transport in Mammalian Cells. 
Traffic, 16(1), 1–18.

Mammalian Phospholipid Synthesis and Trafficking

Table 2: Phospholipid composition of rat liver organelles (% total phospholipids)a

Mitochondria

Lipid ER Inner Outer Lysosomes Nuclei Golgi Plasma membrane

PC 57 41 49 42 52 45 43
PE 21 38 34 21 25 17 21
SM 4 2 2 16 6 12 23
PI 9 2 9 6 4 9 7
PS 4 1 1 1 6 4 4
CL 0 16 5 0 0 0 0
Other 5 <1 <1 14 7 13 2
Chol/PL molar ratio 0.07 0.06 0.49 0.15 0.76

Approximate phospholipid content is given as % total lipid phosphorus.
Chol, cholesterol.
aData are averaged from several sources.

are present on both leaflets of the bilayer. Numerous stud-
ies with model membranes have demonstrated that the
transbilayer movement of phospholipids such as PS, PC
and PE is energetically unfavorable and does not occur
spontaneously. Thus, proteins such as flippases, floppases
and scramblases are required to establish and maintain
the transbilayer asymmetry of phospholipids in organelle
membranes. Several of these proteins have now been iden-
tified and will be discussed in the article by Graham and
coworkers (8) in this Thematic Series.

The following discussion provides an overview of the path-
ways and organelles involved in the biosynthesis of the
major membrane phospholipids in mammalian cells. In
addition, mechanisms that have been proposed for the
inter-organelle trafficking and assembly of phospholipids
into organelle membranes will be considered.

Phospholipid Biosynthetic Pathways
in Mammalian Cells

Biosynthesis of the phospholipid precursors
diacylglycerol and CDP-diacylglycerol
The synthesis of all mammalian phospholipids requires
the acquisition of a diacylglycerol unit that is contributed
by either diacylglycerol per se or CDP-diacylglycerol
(Figures 1–3). These two phospholipid precursors are
generated from phosphatidic acid (Figure 1). First, 1-
acylglycerol-3-phosphate (also called lyso-phosphatidic
acid) is made either from glycerol-3-phosphate via glycerol
-3-phosphate acyltransferase or from the acylation
of dihydroxyacetone phosphate and reduction of

1-acyl-dihydroxyacetone phosphate to 1-acylglycerol-3-P
(Figure 1). Membranes of the ER and mitochondria contain
distinct isoforms of glycerol-3-phosphate acyltransferase
(reviewed in 9, 10). The 1-acylglycerol-3-phosphate is
then converted into phosphatidic acid by acyltransferase
activities (Figure 1) that are primarily associated with
the ER and are also present in mitochondrial outer
membranes. Subsequently, diacylglycerol is generated
from phosphatidic acid by the action of phosphatidic
acid phosphatase-1 (reviewed in 11), a cytosolic enzyme
that becomes activated upon binding to ER membranes.
Alternatively, CDP-diacylglycerol synthase, an enzyme
that is associated primarily with the ER, and has also
been detected on mitochondrial membranes, catalyzes
a reaction between CTP and phosphatidic acid leading
to formation of CDP-diacylglycerol (Figure 1). In other
eukaryotic cells such as yeast, parallel pathways are uti-
lized for synthesis of phosphatidic acid, diacylglycerol and
CDP-diacylglycerol [reviewed in the article by Tamura
and coworkers (12) in this Thematic Series].

Biosynthesis of phosphatidylcholine
All nucleated mammalian cells make PC via the
CDP-choline pathway, also known as the Kennedy
pathway (13,14) (Figure 2). First, extracellular choline
is imported into the cell and rapidly phosphorylated to
phosphocholine by the cytosolic enzyme choline kinase.
This kinase activity is encoded by two distinct genes
(reviewed in 15). The second reaction of this pathway
for PC biosynthesis is catalyzed by CTP:phosphocholine
cytidylyltransferase which generates CDP-choline. Under
most metabolic conditions, production of CDP-choline is

Traffic 2015; 16: 1–18 3

How is the unequal distribution of phospholipids maintained? 

Biosynthesis is organelle-specific  

Degradation is organelle-specific  

Interorganellar transport



• Lipids are amphiphilic: 

hydrophobic due to the hydrocarbon chains

hydrophilic due to the polar headgroup 


• Fatty acids commonly fall between 14 and 22 carbon 
atoms with even numbered carbon chains more 
common


• Animals and plants commonly have unsaturated fatty 
acids with 1 double bond (oleic acid 18:1) and 
sometimes with 6 double bonds (docosahexenoic 
acid 22:6); cis configuration is preferred

Lipid Chemistry



http://www.asbmb.org/asbmbtoday/

asbmbtoday_article.aspx?id=10324

Localization of adipose triglyceride lipase ATGL on lipid droplets of cos-7 
cells. Cellular localization of YFP-tagged ATGL (yellow) is shown around 
lipid droplets (red) stained with Bodipy® 558/568 C12. 

Glycerol Fatty acid Triglyceride

+


Triglycerides

• Triglycerides are formed by esterification of fatty acids to a glycerol backbone

• Triglycerides are stored as lipid droplets in cells



Phosphatidic Acid PA 

(negative)

Phosphatidylethanolamine PE 
(neutral)

Phosphatidylcholine PC

(neutral)

Phosphatidylglycerol PG

(negative)

Glycerophospholipids



• Nature only produces anionic lipids - all cationic lipids are artificial


• PC is the most abundant lipid followed by PE 

• PC carries less unsaturation in fatty acyl chains 

• Amount of negatively charged lipids range from 10-15 mol% 

• PE and PS carry high degree of unsaturation in fatty acyl chains 

• In case of the plasma membrane, negatively charged lipids are asymmetrically 
located with the bulk present in the inner leaflet

Characteristics of Glycerophospholipids



• In addition to headgroup and fatty acyl chains, diversity in lipids can be produced 
using a different backbone, sphingosine can be used to produced sphingolipids

• Glycerol is the backbone for glycerophospholipids

• Sphingosine is the backbone for sphingolipids

• Sphingosine with additional fatty acyl chain produces ceramide

Sphingolipids



• Solidification of the lamellar sheets occurs due to loss of water and also due to change in lipid 
composition


• Stratum corneum predominantly contains free fatty acids, ceramide and cholesterol with no phospholipid

• Ceramides in the skin have long chain fatty acids which have high transition temperature and hence 

contribute to the layer being rigid to provide mechanical and chemical stability to skin

• Stratum corneum provides the main barrier to  skin

• Stratum corneum is a ~10 micron thick dead layer 

of tissue formed of corneocytes which are derived 
from keratinocytes stem cells present below the 
stratum corneum


• Stratum corneum contains keratin arranged in a 
tight fibrous structure


• Maturation leads to lamellar bodies contained in 
keratinocytes being expelled to form the glue for 
stratum corneum


• Lamellar bodies contain lipids and lipases and form 
lamellar lipid sheets


Physiology of Ceramides



Sphingomyelin

Ganglioside GM1

Galactosylceramide

• Act as receptors for cell-cell recognition, growth and differentiation and 
for bacterial toxins

Derivatives of Sphingolipids



Phosphatidylinositol PI

(282). In murine fibroblasts, the ratio of PtdIns(3)P to
PtdIns(3,5)P2 is 4:1 (384), and in unstimulated neutro-
phils, the ratio of PtdIns(3)P2 to PtdIns(3,4,5)P3 and
PtdIns(3,4)P2 is 8:1 (341). Thus PtdIns(3)P is !0.04% of
total membrane phospholipid. Endosomes and lysosomes
are !2% of cellular membranes, and if most of the
PtdIns(3)P is present in the endosomal pathway, then
PtdIns(3)P in the cytoplasmic leaflet of endosomes is !4%
of phospholipid and as abundant as PtdIns(4,5)P2 at the
plasma membrane or PtdIns(4)P at the Golgi.

The sites in the cell where each of these lipids func-
tion have been inferred from the locations of the proteins
that make, consume, or bind to them, or from studies with
inhibitors of their production. A third method for locating
specific PIPs has been to fuse the lipid binding modules
specific for a PI species to green fluorescent protein
(GFP) or one of its spectral variants (11). A caveat of
these experiments is that lipid-binding modules also in-
teract with proteins, so the labeled membrane may be the
place where both the target lipid and protein colocalize.
The affinity of these binding modules for their target lipid

is often low, but reagents with greater avidity have been
developed by constructing recombinant proteins contain-
ing multiple binding motifs (118). These fusion proteins
can tell us where free pools of PIPs are located, but when
used at levels that do not compete with cellular pro-
cesses, they probably do not detect PIPs that are already
bound to proteins (11). At higher expression levels, they
will interfere with the normal regulation of PIP produc-
tion. With these limitations in mind, PtdIns(3)P has been
detected primarily on endocytic membranes (32, 92, 318),
PtdIns(4,5)P2 at the plasma membrane (148, 149, 219, 234,
365) and on internal membranes enriched in lipid rafts
(27, 297), and PtdIns(4)P on the Golgi (13, 201, 372).
PtdIns4K activity has been detected in cell fractions en-
riched in lysosomes (7, 54, 56). From the consequences of
inhibiting its production, PtdIns(3,5)P2 has been inferred
to be present in multivesicular endosomes (MVEs), on the
yeast vacuole, and presumably mammalian lysosomes.
Because all of these membranes are connected by mem-
brane traffic, PIPs must be sorted by segregation into lipid
domains and/or their distribution is maintained dynami-
cally through local lipid production and turnover. Exper-
iments in which lipid phosphatases are deleted in mice, C.
elegans, or yeast indicate that turnover of PIPs is required
to maintain their intracellular location (67, 134, 338).

A. PtdIns(4,5)P2 at the Plasma Membrane

Most of the PtdIns(4,5)P2 in the cell is in the plasma
membrane (11, 375). PtdIns(4,5)P2 is enriched in deter-
gent-resistant membranes (152), and PtdIns(4,5)P2 that is
turned over in response to hormone signaling may be
enriched in caveolae or lipid raft membranes (273). How-
ever, recent studies by light or electron microscopy sug-
gest that PtdIns(4,5)P2 is not especially concentrated in
caveolae at steady-state (364, 375). Thus the degree of
subcompartmentalization of PtdIns(4,5)P2 in the plasma
membrane is currently uncertain. PtdIns(4,5)P2 is gener-
ated during the process of fusion of regulated secretory
vesicles or synaptic vesicles with the plasma membrane
(66, 219), at the locations where actin rearrangements
occur (59, 67, 404), and is required for clathrin-mediated
endocytosis (67, 104, 161, 171, 262). Although required for
vesicle fusion at the plasma membrane and for homotypic
fusion of yeast vacuoles in vitro (222), the role of
PtdIns(4,5)P2 in vesicle fusion is not known precisely. In
the vacuole fusion reaction, PtdIns(4,5)P2 is required at
the priming step where SNARE protein complexes are
dissociated and also after the docking of the vesicle but
prior to fusion (222). During dense-core vesicle secretion
in mammalian cells, PtdIns(4,5)P2 is detected mainly on
the plasma membrane rather than on the vesicles (149,
219). In PC12 cells, the small GTP-binding protein Arf6
regulates the pool of PtdIns(4,5)P2 required for dense-

FIG. 1. The major phosphoinositide species are concentrated at
distinct sites in intracellular membrane traffic pathways and may serve
as organelle markers. The major concentration of phosphatidylinositol
4-phosphate [PtdIns(4)P] (blue) is at the Golgi complex, and very little
free PtdIns(4)P is detected at the plasma membrane or on endosomes.
PtdIns(3)P (green) is concentrated on early endosomes. The majority of
phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2] (red) is at the
plasma membrane at steady state. PtdIns(3,5)P2 (orange) is found on
multivesicular endosomes and lysosomes. Some phosphoinositides are
found in the endoplasmic reticulum and in the nucleus, but probably do
not play major roles in membrane traffic.

712 MICHAEL G. ROTH

Physiol Rev • VOL 84 • JULY 2004 • www.prv.org

Roth (2004) Physiological reviews 84:699-730

• Inositol ring can be phosphorylated at various positions

• Their synthesis and degradation are highly regulated

• Different phosphatidylinositols are present on different membranes in the cell

• They can act as address codes for proteins to be able to distinguish different cellular 

membranes

Phosphatidylinositols



• Constitutes ~20% of the inner mitochondrial membrane


• Structural changes induced by change in pH or in presence of divalent cations


• Cardiolipin can be induced to have a lamellar-to-hexagonal (La-HII) phase transition 
and the formation of highly curved cristae is assumed to be contributed by this 
property


• Complex IV requires two molecules of cardiolipin for function

Cardiolipin
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Table 1: Lipid composition of a typical nucleated mammalian cell

Percentage of total lipidsa

Phosphatidylcholine 45–55
Phosphatidylethanolamine 15–25
Phosphatidylinositol 10–15
Phosphatidylserine 5–10
Phosphatidic acid 1–2
Sphingomyelin 5–10
Cardiolipin 2–5
Phosphatidylglycerol <1
Glycosphingolipids 2–5
Cholesterol 10–20

aData are averaged from several sources.

tissues of mammals have defined phospholipid compo-
sitions and major alterations in the phospholipid con-
tent of mammalian membranes are not well tolerated. In
addition, the different organelles of mammalian cells also
have distinct phospholipid compositions although, in gen-
eral, the differences in lipid composition are quantita-
tive rather than qualitative. Thus, a fundamental biological
question regarding the functioning of cells is: how is the
unique phospholipid composition of the various organelle
membranes established and maintained? Table 2 com-
pares the phospholipid compositions of several subcellular
organelles isolated from rat liver. The values given in Table 2
are approximate because isolation of pure organelles is dif-
ficult and is usually confounded by contamination of the
enriched organelle fraction by other organelle membranes.

In all organelles of mammalian cells, PC is the major
phospholipid, comprising 40–50% of total phospholipids.
PE is the second most abundant phospholipid in mam-
malian cells and is particularly enriched in inner mem-
branes of mitochondria (∼35–40% of total phospholipids)
compared with other organelles (∼17–25%). The high con-
tent of PE in mitochondria is consistent with the hypothesis
that mammalian mitochondria originated from a symbi-
otic relationship between primitive mammalian cells and
bacteria. The PS content of mitochondrial inner mem-
branes and lysosomal membranes is much lower than that
of the endoplasmic reticulum (ER), nucleus, Golgi and
plasma membrane. Cardiolipin (CL), which is required
for normal functioning of mitochondria, is present only
in mitochondria, particularly in the inner membranes (2);
the detection of cardiolipin in non-mitochondrial mem-
branes is probably due to contamination of the isolated

membrane fraction by mitochondria. The plasma mem-
brane is highly enriched in SM and cholesterol compared
with other organelles (Table 2). Consequently, the molar
ratio of cholesterol:phospholipid in the plasma membrane
is ∼0.75 whereas this ratio is <0.1 in the ER and mitochon-
dria. Multiple glycosphingolipid species are also present
in mammalian cells and are highly enriched in the outer
leaflet of the plasma membrane compared with other
organelles. Thus, although most of the major phospho-
lipid classes are present in all organelle membranes, some
phospholipids are more abundant in one organelle than
in others (Table 2; reviewed in 3). This unequal distribu-
tion of phospholipids among organelles raises the question
of how this distribution arises. Several mechanisms might
be responsible for establishing the distinct phospholipid
compositions of organelle membranes. First, the enzyme
that synthesizes the phospholipid that is enriched in an
organelle might be localized primarily to that organelle.
Second, the enzymes that degrade the enriched phospho-
lipid might be less active in that organelle compared with
other organelles. Third, distinct pathways might exist for
transport of a specific phospholipid between the organelle
that synthesizes that phospholipid and the membrane in
which the phospholipid is enriched.

In addition to the unequal distribution of phospholipids
among organelle membranes, phospholipids are also asym-
metrically distributed across the two sides of the membrane
bilayer. For example, in the plasma membrane of mam-
malian cells, PE and PS are normally highly enriched in
the inner, compared with the outer, leaflet of the bilayer,
whereas PC and SM are enriched in the outer leaflet (4).
This asymmetric transbilayer distribution of phospholipids
in the plasma membrane serves important physiologi-
cal functions. For example, during apoptosis PS becomes
exposed on the external leaflet of the plasma membrane
thereby targeting the apoptotic cell for engulfment via PS
receptors on macrophages (5). Moreover, movement of PS
from the cytoplasmic to the external leaflet of the plasma
membrane of platelets is required for initiation of the blood
clotting cascade (6).

The active sites of enzymes that catalyze the terminal
reactions of most phospholipid biosynthetic pathways are
located on the cytosolic face of the ER (7). Yet, phospho-
lipids that are made on the cytosolic side of the membrane

2 Traffic 2015; 16: 1–18
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Membrane phospholipid synthesis and endoplasmic
reticulum function

Paolo Fagone and Suzanne Jackowski1

Department of Infectious Diseases, St. Jude Childrenʼs Research Hospital, Memphis, TN 38105-3678

Abstract This review presents an overview of mammalian
phospholipid synthesis and the cellular locations of the bio-
chemical activities that produce membrane lipid molecular
species. The generalized endoplasmic reticulum compart-
ment is a central site for membrane lipid biogenesis, and ex-
amples of the emerging relationships between alterations in
lipid composition, regulation of membrane lipid biogenesis,
and cellular secretory function are discussed.—Fagone, P., and
S. Jackowski. Membrane phospholipid synthesis and endoplas-
mic reticulum function. J. Lipid Res. 2009. 50: S311–S316.

Supplementary key words phospholipids • sphingolipids • plasmalogens
• unfolded protein response

BIOLOGICAL MEMBRANES

Biological membranes are composed of lipids and pro-
teins that together form hydrophobic barriers that limit
the distribution of aqueous macromolecules and metabo-
lites. Cells use membranes for a number of different
purposes, including segregation and protection from the
environment, compartmentalization of functions, energy
production, storage, protein synthesis and secretion, phago-
cytosis, movement, and cell-cell interaction. Eukaryotic cells
contain ordered infrastructures, called organelles, to orga-
nize and carry out complex processes and to enable distinct
reactions that require a hydrophobic environment. The
level and complexity of compartmentalization varies among
organisms and among mammalian cells. Some cells also
change in size and organelle complexity after biological
stimulation. An example of induced membrane biogenesis
occurs in naïve B-lymphocytes that are converted to plasma
cells (1), and an example of membrane redistribution oc-
curs in macrophages in which the Golgi apparatus is re-
oriented during transient cytokine synthesis and secretion
(2). The versatility of biological membranes is dependent
on their structures and biophysical properties, which are

dictated by the types of lipids and proteins that compose
the membranes. The functions of membranes require a
fluid plasticity that is accomplished through alteration in
lipid composition. Lipid composition is diverse, not only
among different organisms, but also among different com-
partments within the same cells and between the two
leaflets of the same membrane. Lipid composition is deter-
mined through regulation of de novo synthesis at desig-
nated cellular sites, selective distribution or trafficking to
new sites, and by localized remodeling reactions. Under-
standing the relationships between the dynamic changes
in membrane lipid composition and specific cellular events
is our current challenge. This review is focused on mem-
brane phospholipid biogenesis in mammalian cells with a
particular emphasis on the role played by the endoplasmic
reticulum (ER). The ER, together with the Golgi apparatus,
is a major site of de novo bulk membrane lipid synthesis,
and recent experiments demonstrate a link between phos-
pholipid synthesis and secretion from this compartment.

THE ARCHITECTURE OF THE ER

The ER and Golgi apparatus together constitute the en-
domembrane compartment in the cytoplasm of eukaryotic
cells. The endomembrane compartment is a major site of
lipid synthesis, and the ER is where not only lipids are syn-
thesized, but membrane-bound proteins and secretory
proteins are also made. The ER is organized into a laby-
rinthine membrane-bound network of branching tubules
and flattened sacs that extends throughout the cytosol.
The tubules and sacs interconnect, and their membrane
is continuous with the outer nuclear membrane (3). ER
and nuclear membranes form a continuous sheet enclosing
a single internal space, called the lumen. The ER can be
divided into subdomains in relation to their function or
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Figure 1: Biosynthesis of the phospholipid precursors,
diacylglycerol and CDP-diacylglycerol in mammalian
cells. CDP-diacylglycerol (CDP-DG) and diacylglycerol are
formed from phosphatidic acid by the action of CDP-DG
synthase (CDP-DGS) and phosphatidic acid phosphatase-
1 (PAP-1), respectively. Phosphatidic acid is produced from
both glycerol-3-phosphate and dihydroxyacetone phosphate.
Glycerol-3-phosphate acyltransferase (GPAT) acylates glycerol-
3-P to 1-acylglycerol-3-P [also called lyso-phosphatidic acid
(lyso-PA)] which is subsequently further acylated to phosphatidic
acid. In the second pathway for phosphatidic acid synthesis,
dihydroxyacetone-P is acylated to 1-acyl-dihydroxyacetone-P
which is sequentially converted to lyso-PA and then phosphatidic
acid. Enzymatic activities indicated in blue are present in both ER
and mitochondrial membranes, whereas the enzyme indicated in
red (PAP-1) is cytosolic and becomes activated upon binding to
ER membranes.

the rate-limiting reaction for PC biosynthesis (reviewed
in 16). CTP:phosphocholine cytidylyltransferase exists
as two isoforms, α and β, both of which are activated
upon binding to membranes (17; reviewed in 15). The
α, but not the β, isoform contains a nuclear localization
sequence. Thus, the α isoform is located primarily in the
nucleus and is also present in the cytoplasm, whereas the β
isoform is extranuclear. The biological explanation for why
CDP-choline is made in the nucleus is not clear because
the final reaction of the CDP-choline pathway for PC
synthesis is catalyzed by CDP-choline:1,2-diacylglycerol
cholinephosphotransferase, an integral membrane pro-
tein localized primarily to the ER; this enzyme transfers
diacylglycerol to CDP-choline with production of PC
(Figure 2).

Figure 2: Legend on next page.

In an alternative pathway for PC synthesis, PE is converted
to PC by three sequential methylation reactions, all of
which are catalyzed by PE N-methyltransferase (reviewed
in 18, 19), an enzyme that is embedded in ER membranes.
Hepatocytes are the only type of mammalian cells in which
this reaction produces significant amounts of PC (∼ 30%
of total). Parallel pathways are utilized for PC synthesis in
yeast but in this organism, under most culture conditions,
the majority of PC is made by PE methylation. A major
difference in the methylation pathway between yeast and
mammalian cells is that two distinct methyltransferases are
required for conversion of PE to PC in yeast, whereas in
mammalian cells a single methyltransferase performs all
three methylation reactions (20).

Another choline-containing lipid, the phosphosphin-
golipid sphingomyelin, is highly enriched in the plasma
membrane compared with other organelle membranes of
mammalian cells (Table 2). SM is synthesized from two
precursors – ceramide and PC – that are made in the ER
and are transported to the Golgi for SM synthesis; the
majority of SM is made by SM synthase-1 in the Golgi
apparatus (reviewed in 21). Small quantities of SM are
also made via a second synthase, SM synthase-2, which
is present in the plasma membrane. In addition, a closely

4 Traffic 2015; 16: 1–18
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PC biosynthesis



Vance

Figure 1: Biosynthesis of the phospholipid precursors,
diacylglycerol and CDP-diacylglycerol in mammalian
cells. CDP-diacylglycerol (CDP-DG) and diacylglycerol are
formed from phosphatidic acid by the action of CDP-DG
synthase (CDP-DGS) and phosphatidic acid phosphatase-
1 (PAP-1), respectively. Phosphatidic acid is produced from
both glycerol-3-phosphate and dihydroxyacetone phosphate.
Glycerol-3-phosphate acyltransferase (GPAT) acylates glycerol-
3-P to 1-acylglycerol-3-P [also called lyso-phosphatidic acid
(lyso-PA)] which is subsequently further acylated to phosphatidic
acid. In the second pathway for phosphatidic acid synthesis,
dihydroxyacetone-P is acylated to 1-acyl-dihydroxyacetone-P
which is sequentially converted to lyso-PA and then phosphatidic
acid. Enzymatic activities indicated in blue are present in both ER
and mitochondrial membranes, whereas the enzyme indicated in
red (PAP-1) is cytosolic and becomes activated upon binding to
ER membranes.

the rate-limiting reaction for PC biosynthesis (reviewed
in 16). CTP:phosphocholine cytidylyltransferase exists
as two isoforms, α and β, both of which are activated
upon binding to membranes (17; reviewed in 15). The
α, but not the β, isoform contains a nuclear localization
sequence. Thus, the α isoform is located primarily in the
nucleus and is also present in the cytoplasm, whereas the β
isoform is extranuclear. The biological explanation for why
CDP-choline is made in the nucleus is not clear because
the final reaction of the CDP-choline pathway for PC
synthesis is catalyzed by CDP-choline:1,2-diacylglycerol
cholinephosphotransferase, an integral membrane pro-
tein localized primarily to the ER; this enzyme transfers
diacylglycerol to CDP-choline with production of PC
(Figure 2).

Figure 2: Legend on next page.

In an alternative pathway for PC synthesis, PE is converted
to PC by three sequential methylation reactions, all of
which are catalyzed by PE N-methyltransferase (reviewed
in 18, 19), an enzyme that is embedded in ER membranes.
Hepatocytes are the only type of mammalian cells in which
this reaction produces significant amounts of PC (∼ 30%
of total). Parallel pathways are utilized for PC synthesis in
yeast but in this organism, under most culture conditions,
the majority of PC is made by PE methylation. A major
difference in the methylation pathway between yeast and
mammalian cells is that two distinct methyltransferases are
required for conversion of PE to PC in yeast, whereas in
mammalian cells a single methyltransferase performs all
three methylation reactions (20).

Another choline-containing lipid, the phosphosphin-
golipid sphingomyelin, is highly enriched in the plasma
membrane compared with other organelle membranes of
mammalian cells (Table 2). SM is synthesized from two
precursors – ceramide and PC – that are made in the ER
and are transported to the Golgi for SM synthesis; the
majority of SM is made by SM synthase-1 in the Golgi
apparatus (reviewed in 21). Small quantities of SM are
also made via a second synthase, SM synthase-2, which
is present in the plasma membrane. In addition, a closely

4 Traffic 2015; 16: 1–18

CT is the rate-limiting step in PC synthesis 

Gene name: PCYT1A 

Purified in 1987 (Feldman and Weinhold, JBC, 
1987) 

CT shows amphitropism - inactive in the 
cytosolic fraction of cells but is activated by 
translocation to membranes (Vance and 
Pelech, TiBS, 1984)

PC biosynthesis

Vance, D. E., & Vance, J. E. (2009). Physiological consequences of disruption of mammalian phospholipid 
biosynthetic genes. The Journal of Lipid Research, 50(Supplement), S132–S137



AMPHITROPISM refers to a property of proteins whose activities are regulated by interconversion between an 
inactive soluble form and an active membrane-lipid-bound form.  
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bound its Kcat is elevated up to 80-fold6.
CCT partitioning between soluble and
membrane-bound forms in cells can be
modulated by treatment of cells with
PLC, protein phosphatase inhibitors,
short-chain diacylglycerol, fatty acids,
alkyl-phosphocholines and phorbol es-
ters (reviewed in Refs 2,7,8). These
stimuli evoke changes in the phosphoryl-
ation state of CCT, changes in membrane
lipid composition, or both. However,
membrane translocation has not been
detected with some conditions that
stimulate CCT activity9–11. The lack of
detectable translocation might reflect
sensitivity problems inherent in meas-
uring changes in the membrane affinity
of a very weak binder, but it is also ap-
parent that cells can regulate CCT by
means that do not involve translocation
of existing enzyme. For example, CCT
expression can be modulated by effects
on the degradation rate of the en-
zyme12–15, which appears to be acceler-
ated by dephosphorylation13–15.
Expression can also be modulated by
stabilization of the CCT mRNA
(Refs 9,16) and, potentially, by alter-
ations in CCT transcription rate17.
Unlike regulation of expression, translo-
cation enables very rapid changes in the
rate of PC synthesis.

CCT structure
Much progress has been made using

cDNA mutagenesis, synthetic peptides
and genomics towards the delineation
of the structural and functional domainsTi BS
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Figure 2
(a) Domain structure of CTP:phospho-
choline cytidylyltransferase (CCT) !, "1
and "2. There is high homology among
all three isoforms between amino acids
73 and 323. The beta isoforms differ
only at their C termini (after residue
323). The phosphorylation domain of "2
is ~40% identical to that of CCT!. (b)
Structure of the glycerolphosphate CT
(GCT) dimer with bound CTP, a model for
the catalytic domain of CCT. Key CTP-
binding motifs are highlighted. (c)
Structure of the membrane-binding am-
phipathic ! helix (residues 243–287),
based on the atomic coordinates of two
overlapping peptides28. Side chains of
the polar face are red; side chains of the
nonpolar face are yellow. The carbon
(green), nitrogen (blue), and oxygen (red)
atoms of the interfacial side chains are
in ball-and-stick representation. Basic
residues dominate the interfacial zone,
but three glutamates are present on one
side (see Refs 25 and 28, for a discus-
sion of their function). Figure 2b has
been reproduced, with permission, from
Ref. 22.
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The nonpolar face contains 18 hydrophobic residues, 
which should provide ample driving force for 
membrane binding.  

In its soluble conformation these residues might be 
buried, thereby minimizing the hydrophobic driving 
force and thus the membrane affinity. 
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electrostatically, but is not active33. The
first electrostatic step is not involved in
binding to membranes containing unsatu-
rated PE, DAG or oxidized PC, and these
lipids are generally less potent than the
acidic lipids33,34.

What promotes CCT insertion and ac-
tivation? Four membrane properties
have been suggested: interfacial packing
defects, low lateral pressure, acyl chain
disorder and curvature strain. That
lipid-packing defects (surface cracks)
drive membrane binding is supported
by an anomalous activation at the gel-to-
liquid crystalline phase transition25. At
this transition, discontinuities in the
regular molecular packing occur at the
boundaries between gel and fluid
phases, which might serve as CCT inser-
tion sites. In addition, lipids with small
headgroups, such as DAG, would create
surface voids not present in pure phos-
pholipid bilayers25. Low lateral surface
pressure (i.e. looser packing) is 

supported by a preference
for highly curved versus
planar bilayers and the abil-
ity of domain M peptides to
bind equally well to both an-
ionic and PC monolayers
when a low lateral packing
pressure is imposed27.
Disordering of acyl chains by
oxidized PC, measured by
deuterium NMR, directly 
correlates with CCT activity,
and both the effects on order
and CCT activity are reversed
by sphingomyelin34. Negative
curvature strain is a prop-
erty of lipid activators such
as unsaturated PE and DAG.
The molecular geometries
of these lipids (referred to
as type-II lipids) tend to
make each monolayer of
the bilayer curl towards the
water to form a concave sur-
face, but this is prevented
by stronger attractive
forces between the acyl
chains of each monolayer.
Upon CCT insertion half-
way into one monolayer of
such membranes, this 
curvature strain would be
relaxed. That the relaxation
of curvature strain can
drive CCT binding to some
membranes is supported
by a correlation between
the activation of CCT and
the calculated monolayer
curvature energy of di-

oleoyl PE and other type-II lipids35,36,
and the antagonism of lipids that induce
positive curvature strain7,35,37. These
four interrelated properties have not yet
been rigorously disconnected to estab-
lish their relative importance. It could
be that each class of lipid activator 
promotes a different set of membrane
physical features. Solving this problem
will be greatly facilitated by the recently
developed method for purifying CCT in
a lipid-free form6.

How does phosphorylation affect membrane
binding and activation? There is a strong
correlation between membrane translo-
cation and CCT dephosphorylation 
(reviewed in Ref. 8), but the dephosphoryl-
ation occurs subsequently to the mem-
brane-binding event38. To probe the role
of phosphorylation, mutants lacking sets
of phosphoserines in domain P have
been expressed in the mutant cell line
CHO-58, which lacks functional CCT! at
the nonpermissive temperature15. These

studies have revealed that phosphoryl-
ation is not required for CCT to produce
PC at a rate that will maintain a normal
cell growth rate, and that, although the
phosphorylated enzyme has lower mem-
brane affinity, activating lipids can over-
come the phosphorylation signal15. In
vitro studies have shown that the 
dephosphorylated wild-type enzyme32

or a mutant lacking domain P (Ref. 39)
requires less anionic lipid for activation.
An electrostatic switching mechanism
has been suggested in which the phos-
phates on domain P compete with lipid
negative charges for interactions with
the positively charged lysines on the 
adjacent domain M (Ref. 32). In sum-
mary, phosphorylation appears to fine-
tune the membrane affinity, and in some
conditions this could be all that is 
required as a regulatory switch to 
modulate CCT activity in cells.

How does lipid binding activate the enzyme?
This is arguably the most important
question. It has been firmly established,
based on CD and NMR analyses with 
peptides, that lipid binding promotes an
!-helical conformation for domain 
M (Refs 26–28). This change in domain 
M conformation upon membrane inser-
tion is translated to the catalytic domain,
in an as yet unknown way, to increase Kcat
by more than 80-fold6 and, to a lesser ex-
tent, the affinity for CTP (Refs 6,40). The
key to understanding the role of domain
M came from analysis of CCT!1–236,
lacking domains M and P. CCT!1–236 is
constitutively active6,41, whereas the ac-
tivities of mutants lacking only domain P
are lipid dependent15,31,39. The Kcat/Km
value for CCT!1–236 was 30–50% 
of the lipid-activated wild-type enzyme
value, but the kinetics were the same
with or without lipid. Moreover, the 
truncated enzyme expressed in CCT-
deficient CHO58 cells was able to gener-
ate PC at a faster rate than the wild-
type enzyme41. These data suggest that
domain M can induce an inhibitory 
constraint at the active site6,41. The
function of membrane binding is to 
relieve this constraint. If domain M is
deleted, membrane binding is not 
required for an active enzyme. This
model, invoking an autoinhibitory 
membrane-binding domain (Fig. 3), is
compatible with the general mode of 
regulation of many enzymes, including
others regulated by membrane inter-
actions1. The nature of the inhibitory
constraint and how it is relieved by
changes in the conformation and 
membrane interactions of domain M is a
major quest for future research.
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Figure 3
Model of the CTP:phosphocholine cytidylyltransferase
(CCT) ! dimer in its (a) soluble and (b) membrane-
bound forms. The discrete domains of N-terminal head,
hinge, amphipathic helix, and C-terminal tail are best 
illustrated in (b). In (a), domain M is complexed intra-
molecularly with the catalytic domain. In (b), partitioning
of domain M into the interfacial region of a lipid bilayer
disrupts the interaction between the catalytic domain
and domain M, leading to activation of the catalytic 
domain. The conformation of domain M bound to mem-
branes is an ! helix, but is not known for the soluble
form. Domain P is modeled as a flexible, negatively
charged coil, forming electrostatic interactions with the
positively charged residues of domain M in the soluble
form. The phosphates of domain P could compete with
phospholipid negative charges. Dephosphorylation 
of the membrane-bound form would eliminate this 
competition and stabilize membrane binding.

• Domain M is complexed intra-molecularly with the 
catalytic domain in the soluble state.  

• Domain M inserts into the interfacial region of a lipid 
bilayer and disrupts the interaction between the 
catalytic domain and domain M, leading to activation of 
the catalytic domain. 

• This change in domain M conformation upon 
membrane insertion is translated to the catalytic 
domain causing the Kcat to increase by more than 80-
fold  

• Anionic phospholipids and fatty acids are the most 
potent activators 

• DAG and neutral lipids with small polar head groups, 
unsaturated phosphatidylethanolamine (PE), and 
oxidized PC are less potent activators 

• Stronger affinity for anionic membranes can be 
explained by the interfacial positioning of the many 
basic amino acids  

• Binding to charged membranes appears to be a two-
step process: electrostatic adsorption followed by 
hydrophobic interactions, which involve intercalation 
into the nonpolar core of the membrane  

• Activation of CCT requires both binding and insertion



What promotes CCT insertion and activation?  
Interfacial packing defects, Low lateral pressure, Acyl chain disorder, Curvature strain  
• Lipid-packing defects (surface cracks) drive membrane binding  

• Supported by an anomalous activation at the gel-to-liquid crystalline phase transition at which 
discontinuities in the regular molecular packing occur at the boundaries between gel and fluid phases serve 
as CCT insertion sites 

• Low lateral surface pressure (i.e. looser packing) is supported by a preference for highly curved versus 
planar bilayers and the ability of domain M peptides to bind equally well to both anionic and PC monolayers 
when a low lateral packing pressure is imposed 

• Negative curvature strain is a property of lipid activators such as unsaturated PE and DAG.  

• Molecular geometries of these lipids (referred to as type-II lipids) tend to make each monolayer of the 
bilayer curl towards the water to form a concave surface, but this is prevented by stronger attractive forces 
between the acyl chains of each monolayer.



Which cellular signals control CCT translocation?  
Exogenously added fatty acids stimulate translocation of CCT to membranes  

Loading cells with short-chain diacyl glycerol (DAG) promotes CCT binding to membranes 

Cells starved for choline have reduced membrane PC:PE ratios, resulting in CCT translocation to 
membranes. When choline-deprived or PLC-treated cells are supplemented with choline analogs, CCT 
dissociates from membranes  

Activation of PLD, generating increases in PA and its metabolite, stimulates CCT translocation and PC 
synthesis 



Cell-cycle regulation of CCT localization.  
CCT expression is unchanged during G0 → G1 transition 

Cellular distribution however changes.  

In G0 , CCT is confined to the nucleus 

Serum addition leads to translocation to the cytoplasm and colocalizes with an ER marker protein.  

After 4 hrs post serum, CCT returned to the nucleus.  

Shuttling of CCT between the nucleus and the ER closely paralleled an increase in its membrane affinity, 
enzymatic activity and stimulation of PC synthesis.  

Nuclear enzyme could serve as an inactive reserve, which is recruited to the ER, where it is activated by 
membrane binding.  

ER binding is not essential for activation of CCT. Enrichment of cells with oleic acid or treatment with PLC 
results in strong translocation from the diffuse nuclear pool, not to the ER, but to the nuclear envelope, 
and this movement is accompanied by an activation of CCT.

Northwood, I.C. et al. (1999) Shuttling of CTP:phosphocholine cytidylyltransferase between 
the nucleus and endoplasmic reticulum accompanies the wave of phosphatidylcholine synthesis during 
the G0 → G1 transition. J. Biol. Chem. 274, 26240–26248 



Lipid composition Vance

Table 1: Lipid composition of a typical nucleated mammalian cell

Percentage of total lipidsa

Phosphatidylcholine 45–55
Phosphatidylethanolamine 15–25
Phosphatidylinositol 10–15
Phosphatidylserine 5–10
Phosphatidic acid 1–2
Sphingomyelin 5–10
Cardiolipin 2–5
Phosphatidylglycerol <1
Glycosphingolipids 2–5
Cholesterol 10–20

aData are averaged from several sources.

tissues of mammals have defined phospholipid compo-
sitions and major alterations in the phospholipid con-
tent of mammalian membranes are not well tolerated. In
addition, the different organelles of mammalian cells also
have distinct phospholipid compositions although, in gen-
eral, the differences in lipid composition are quantita-
tive rather than qualitative. Thus, a fundamental biological
question regarding the functioning of cells is: how is the
unique phospholipid composition of the various organelle
membranes established and maintained? Table 2 com-
pares the phospholipid compositions of several subcellular
organelles isolated from rat liver. The values given in Table 2
are approximate because isolation of pure organelles is dif-
ficult and is usually confounded by contamination of the
enriched organelle fraction by other organelle membranes.

In all organelles of mammalian cells, PC is the major
phospholipid, comprising 40–50% of total phospholipids.
PE is the second most abundant phospholipid in mam-
malian cells and is particularly enriched in inner mem-
branes of mitochondria (∼35–40% of total phospholipids)
compared with other organelles (∼17–25%). The high con-
tent of PE in mitochondria is consistent with the hypothesis
that mammalian mitochondria originated from a symbi-
otic relationship between primitive mammalian cells and
bacteria. The PS content of mitochondrial inner mem-
branes and lysosomal membranes is much lower than that
of the endoplasmic reticulum (ER), nucleus, Golgi and
plasma membrane. Cardiolipin (CL), which is required
for normal functioning of mitochondria, is present only
in mitochondria, particularly in the inner membranes (2);
the detection of cardiolipin in non-mitochondrial mem-
branes is probably due to contamination of the isolated

membrane fraction by mitochondria. The plasma mem-
brane is highly enriched in SM and cholesterol compared
with other organelles (Table 2). Consequently, the molar
ratio of cholesterol:phospholipid in the plasma membrane
is ∼0.75 whereas this ratio is <0.1 in the ER and mitochon-
dria. Multiple glycosphingolipid species are also present
in mammalian cells and are highly enriched in the outer
leaflet of the plasma membrane compared with other
organelles. Thus, although most of the major phospho-
lipid classes are present in all organelle membranes, some
phospholipids are more abundant in one organelle than
in others (Table 2; reviewed in 3). This unequal distribu-
tion of phospholipids among organelles raises the question
of how this distribution arises. Several mechanisms might
be responsible for establishing the distinct phospholipid
compositions of organelle membranes. First, the enzyme
that synthesizes the phospholipid that is enriched in an
organelle might be localized primarily to that organelle.
Second, the enzymes that degrade the enriched phospho-
lipid might be less active in that organelle compared with
other organelles. Third, distinct pathways might exist for
transport of a specific phospholipid between the organelle
that synthesizes that phospholipid and the membrane in
which the phospholipid is enriched.

In addition to the unequal distribution of phospholipids
among organelle membranes, phospholipids are also asym-
metrically distributed across the two sides of the membrane
bilayer. For example, in the plasma membrane of mam-
malian cells, PE and PS are normally highly enriched in
the inner, compared with the outer, leaflet of the bilayer,
whereas PC and SM are enriched in the outer leaflet (4).
This asymmetric transbilayer distribution of phospholipids
in the plasma membrane serves important physiologi-
cal functions. For example, during apoptosis PS becomes
exposed on the external leaflet of the plasma membrane
thereby targeting the apoptotic cell for engulfment via PS
receptors on macrophages (5). Moreover, movement of PS
from the cytoplasmic to the external leaflet of the plasma
membrane of platelets is required for initiation of the blood
clotting cascade (6).

The active sites of enzymes that catalyze the terminal
reactions of most phospholipid biosynthetic pathways are
located on the cytosolic face of the ER (7). Yet, phospho-
lipids that are made on the cytosolic side of the membrane

2 Traffic 2015; 16: 1–18

Vance, J. E. (2014). Phospholipid Synthesis and Transport in Mammalian Cells. 
Traffic, 16(1), 1–18.
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Mammalian Phospholipid Synthesis and Trafficking

Table 2: Phospholipid composition of rat liver organelles (% total phospholipids)a

Mitochondria

Lipid ER Inner Outer Lysosomes Nuclei Golgi Plasma membrane

PC 57 41 49 42 52 45 43
PE 21 38 34 21 25 17 21
SM 4 2 2 16 6 12 23
PI 9 2 9 6 4 9 7
PS 4 1 1 1 6 4 4
CL 0 16 5 0 0 0 0
Other 5 <1 <1 14 7 13 2
Chol/PL molar ratio 0.07 0.06 0.49 0.15 0.76

Approximate phospholipid content is given as % total lipid phosphorus.
Chol, cholesterol.
aData are averaged from several sources.

are present on both leaflets of the bilayer. Numerous stud-
ies with model membranes have demonstrated that the
transbilayer movement of phospholipids such as PS, PC
and PE is energetically unfavorable and does not occur
spontaneously. Thus, proteins such as flippases, floppases
and scramblases are required to establish and maintain
the transbilayer asymmetry of phospholipids in organelle
membranes. Several of these proteins have now been iden-
tified and will be discussed in the article by Graham and
coworkers (8) in this Thematic Series.

The following discussion provides an overview of the path-
ways and organelles involved in the biosynthesis of the
major membrane phospholipids in mammalian cells. In
addition, mechanisms that have been proposed for the
inter-organelle trafficking and assembly of phospholipids
into organelle membranes will be considered.

Phospholipid Biosynthetic Pathways
in Mammalian Cells

Biosynthesis of the phospholipid precursors
diacylglycerol and CDP-diacylglycerol
The synthesis of all mammalian phospholipids requires
the acquisition of a diacylglycerol unit that is contributed
by either diacylglycerol per se or CDP-diacylglycerol
(Figures 1–3). These two phospholipid precursors are
generated from phosphatidic acid (Figure 1). First, 1-
acylglycerol-3-phosphate (also called lyso-phosphatidic
acid) is made either from glycerol-3-phosphate via glycerol
-3-phosphate acyltransferase or from the acylation
of dihydroxyacetone phosphate and reduction of

1-acyl-dihydroxyacetone phosphate to 1-acylglycerol-3-P
(Figure 1). Membranes of the ER and mitochondria contain
distinct isoforms of glycerol-3-phosphate acyltransferase
(reviewed in 9, 10). The 1-acylglycerol-3-phosphate is
then converted into phosphatidic acid by acyltransferase
activities (Figure 1) that are primarily associated with
the ER and are also present in mitochondrial outer
membranes. Subsequently, diacylglycerol is generated
from phosphatidic acid by the action of phosphatidic
acid phosphatase-1 (reviewed in 11), a cytosolic enzyme
that becomes activated upon binding to ER membranes.
Alternatively, CDP-diacylglycerol synthase, an enzyme
that is associated primarily with the ER, and has also
been detected on mitochondrial membranes, catalyzes
a reaction between CTP and phosphatidic acid leading
to formation of CDP-diacylglycerol (Figure 1). In other
eukaryotic cells such as yeast, parallel pathways are uti-
lized for synthesis of phosphatidic acid, diacylglycerol and
CDP-diacylglycerol [reviewed in the article by Tamura
and coworkers (12) in this Thematic Series].

Biosynthesis of phosphatidylcholine
All nucleated mammalian cells make PC via the
CDP-choline pathway, also known as the Kennedy
pathway (13,14) (Figure 2). First, extracellular choline
is imported into the cell and rapidly phosphorylated to
phosphocholine by the cytosolic enzyme choline kinase.
This kinase activity is encoded by two distinct genes
(reviewed in 15). The second reaction of this pathway
for PC biosynthesis is catalyzed by CTP:phosphocholine
cytidylyltransferase which generates CDP-choline. Under
most metabolic conditions, production of CDP-choline is

Traffic 2015; 16: 1–18 3



• Cholesterol is universally present in all animals but absent in prokaryotes 


• Plants have sitosterol and fungi have ergosterol


• Cholesterol amounts in plasma membrane range from 20-50% of total lipids


• Intracellular membranes contain far less amounts of cholesterol

   Mitochondria <5%

   Golgi ~8%

   ER ~10% 

• Structurally quite different from typical phospholipids 

   and contributes to unique characteristics to membranes 

• Cholesterol has a rigid steroid ring with a small 

   hydroxyl group as a headgroup 

• Structural features have been perfected through evolution 

• Small changes in structure have profound changes in function

Cholesterol



http://www.asbmb.org/asbmbtoday/asbmbtoday_article.aspx?id=48189
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Flux analysis of cholesterol biosynthesis in
vivo reveals multiple tissue and cell-type
specific pathways
Matthew A Mitsche1, Jeffrey G McDonald1, Helen H Hobbs1,2*,
Jonathan C Cohen3*

1Department of Molecular Genetics, University of Texas Southwestern Medical
Center, Dallas, United States;2Howard Hughes Medical Institute, University of Texas
Southwestern Medical Center, Dallas, United States;3Center for Human Nutrition,
University of Texas Southwestern Medical Center, Dallas, United States

Abstract Two parallel pathways produce cholesterol: the Bloch and Kandutsch-Russell pathways.
Here we used stable isotope labeling and isotopomer analysis to trace sterol flux through the two
pathways in mice. Surprisingly, no tissue used the canonical K–R pathway. Rather, a hybrid pathway
was identified that we call the modified K–R (MK–R) pathway. Proportional flux through the Bloch
pathway varied from 8% in preputial gland to 97% in testes, and the tissue-specificity observed in
vivo was retained in cultured cells. The distribution of sterol isotopomers in plasma mirrored that of
liver. Sterol depletion in cultured cells increased flux through the Bloch pathway, whereas
overexpression of 24-dehydrocholesterol reductase (DHCR24) enhanced usage of the MK–R
pathway. Thus, relative use of the Bloch and MK–R pathways is highly variable, tissue-specific, flux
dependent, and epigenetically fixed. Maintenance of two interdigitated pathways permits
production of diverse bioactive sterols that can be regulated independently of cholesterol.
DOI: 10.7554/eLife.07999.001

Introduction
Cholesterol is an essential structural component of vertebrate cell membranes (Maxfield and Tabas,
2005) and a precursor of vital end products such as bile acids (Russell, 2009) and steroid hormones
(Sih andWhitlock, 1968 ). First identified as a crystalline component of gallstones more than 200 years
ago, cholesterol consists of a rigid, planar tetracyclic nucleus and a flexible, iso-octyl side-chain at
carbon 17 (Nes, 2011). The molecule is synthesized entirely from acetate through a complex series of
over 30 enzymatic reactions that are clustered into four major processes: condensation of acetate to
isoprene, polymerization of isoprene to squalene, cyclization of squalene to lanosterol, and finally the
conversion of lanosterol to cholesterol (Figure 1).

Two intersecting pathways have been described for biosynthesis of cholesterol from lanosterol.
The two pathways use the same catalytic steps and are distinguished by the stage at which the double
bond at C24 in the side chain is reduced. Bloch et al. (1965) proposed that reduction of the double
bond in the side chain (Δ24) is the last reaction in the pathway (Figure 1, black arrows). Thus, in the
Bloch pathway, cholesterol synthesis proceeds via a series of side-chain unsaturated intermediates
to desmosterol, which is reduced by DHCR24 to cholesterol. Subsequently, Kandutsch and Russell
(Kandutsch and Russell, 1960a, 1960b) reported that the preputial glands of mice synthesized
dihydrolanosterol and other side-chain saturated intermediates that were different from those in
the Bloch pathway. They proposed an alternative pathway, the Kandutsch–Russell (K–R) pathway,
in which the Δ24 bond of lanosterol is reduced and the conversion of dihydrolanosterol to
cholesterol proceeds via 7-dehydrocholesterol (Figure 1, red arrows) using the same enzymes as
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vivo and did not gain wide acceptance. The present data provide in vivo evidence for 24-reduction
of zymosterol, but the predominance of the Bloch pathway in most tissues with high rates of
cholesterol synthesis indicates that desmosterol is a major physiological substrate for the enzyme.

Reduced cellular cholesterol content selectively upregulated the Bloch pathway in cultured CHO7
and HuH7 cells (Figure 3). Genetic ablation of SCAP, which is required for SREBP activation (Rawson
et al., 1999), dramatically reduced flux through the Bloch pathway, but had virtually no effect on the
MK–R pathway. Similarly, depletion of cellular cholesterol by incubation in NCLPPS resulted in a major
increase in flux through the Bloch pathway with no detectable change in flux through the MK–R
pathway. These findings suggest that the MK–R pathway is constitutively active and that the Bloch
pathway is used preferentially for regulated cholesterol biosynthesis in response to fluctuations in
cholesterol availability and demand. Upregulation of the Bloch pathway also increases the synthesis of
regulatory sterols that limit cholesterol accumulation in the cells: desmosterol activates LXR, which

Figure 8. A modified Kandutsch–Russell (MK–R) model of post squalene cholesterol biosynthesis. In this model,

cholesterol biosynthesis proceeds from lanosterol to t-MAS. Black arrows denote the Bloch pathway. Red arrows

denote the MK–R pathway. 24,25-double bond desaturation can occur at any step between lanosterol and

desmosterol in this pathway, but in most tissues desaturation does not occur until after demethylation is complete

(after T-MAS). The pathway shown with blue arrows was only detected in the liver and did not contribute to

cholesterol biosynthesis. Additional pathways involving sterol intermediates that do not result in the biosynthesis of

cholesterol are also shown.

DOI: 10.7554/eLife.07999.011
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• First systematic analysis of flux in cell culture 
and in vivo

• Architecture of the cholesterol biosynthetic 
pathway shows striking differences among 
tissues

• Testes and adrenal gland almost exclusively 
utilize the Bloch pathway

• No tissues examined uses the Kandutsch 
and Russell pathway

• Instead a hybrid pathway (MK–R pathway) 
exists in skin, preputial glands and brain 
where sterols undergo demethylation prior to 
side chain saturation 

• In this pathway, branch point is when 
zymosterol undergo appreciable side-chain 
reduction 

• Immortalized cells in culture retained the 
specific pathways used by their tissues of 
origin. 

• Regulation of cholesterol biosynthesis was 
achieved almost exclusively by changes in 
flux through the Bloch pathway. 
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Kovacs WJ1, Olivier LM, Krisans SK.
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Typical Facial Features and Physical Findings in SLOS. (a–d) Facial photographs 
of a series of SLOS patients of different phenotypic severity. Facial features 
include microcephaly, ptosis, broad nasal bridge, upturned nose, and 
micrognathia. Cleft palate or bifid uvula is also common. (e) Limb anomalies 
include short proximally placed thumbs, single palmar creases, clinodactyly, and 
postaxial polydactyly. (f) Syndactyly of the second and third toes is the most 
frequently reported clinical finding.

Porter (2008) European Journal of Human Genetics 16:535–541

function. Previous studies have shown that structural features,
such as an intact alicyclic chain, a free 3!-OH group, a planar
∆5(6) double bond, angular methyl groups, and a branched
7-carbon alkyl chain at the 17!-position, have all been found
to be necessary for the complex biological function displayed
by cholesterol (12–15). Close structural analogues of cho-
lesterol, such as ergosterol, are known to give rise to
membrane properties that are markedly different from those
observed in membranes containing cholesterol (16, 17). A
consequence of this fact is that the function of membrane
proteins, supported by cholesterol, is often not maintained
even with close analogues of cholesterol. For example, sterols
that differ from cholesterol only in a double bond have been
shown to exhibit different lateral pressure profiles (18) and
are not able to support the function of membrane receptors
that require cholesterol (19, 20). In addition, it has been
reported that the activity of inward-rectifier K+ channels is
modulated even by optical isomers of cholesterol, thereby
exemplifying the specificity of interaction (21).

Keeping in mind the importance of comparative studies
of the effects of cholesterol and its precursors on membrane
properties, in this work, we have monitored the effect of
cholesterol and its two immediate biosynthetic precursors
(7-DHC and desmosterol) on the biophysical and dynamic
properties of fluid (POPC) and gel (DPPC) phase membranes.
For this, we have used fluorescent membrane probes, DPH
and TMA-DPH, and the hydrophobic probe, pyrene. Our
results using these probes show that although both 7-DHC
and desmosterol differ with cholesterol in a double bond,
they exhibit differential effects on membrane organization
and dynamics.

EXPERIMENTAL PROCEDURES

Materials. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), cholesterol, 7-dehydrocholesterol (7-DHC), des-
mosterol, and pyrene were obtained from Sigma Chemical
Co. (St. Louis, MO). 1,2-Dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) were purchased from Avanti Polar
Lipids (Alabaster, AL). 1,6-Diphenyl-1,3,5-hexatriene (DPH)
and 1-[4-(trimethylammonio)phenyl]-6-phenyl-1,3,5-hexatriene
(TMA-DPH) were from Molecular Probes (Eugene, OR).
Lipids were checked for purity by thin layer chromatography
on silica gel precoated plates (Sigma) in chloroform/
methanol/water (65:35:5, v/v/v) and were found to give only
one spot in all cases with a phosphate-sensitive spray and
on subsequent charring (22). The concentration of DPPC and
POPC was determined by phosphate assay subsequent to total
digestion by perchloric acid (23). DMPC was used as an
internal standard to assess lipid digestion. The concentration
of the stock solution of DPH, TMA-DPH, and pyrene in
methanol was estimated from their respective molar absorp-
tion coefficients (ε) of 88,000 M-1 cm-1 at 350 nm for DPH
and TMA-DPH and 54,000 M-1 cm-1 at 335 nm for pyrene.
All other chemicals used were of the highest purity available.
The solvents used were of spectroscopic grade. Water was
purified through a Millipore (Bedford, MA) Milli-Q system
and used throughout.

Sample Preparation. All experiments were done using
large unilamellar vesicles (LUVs) of 100 nm diameter of
either POPC or DPPC containing increasing concentrations
(0–50 mol %) of a given sterol (cholesterol or 7-DHC or
desmosterol) and 1 mol % fluorescent probe (DPH, TMA-
DPH, or pyrene). In general, 640 nmol of total lipid
(phospholipid and sterol) and 6.4 nmol of fluorescent probe
were mixed well and dried under a stream of nitrogen while
being warmed gently (∼35 °C). After further drying under
a high vacuum for at least 3 h, the lipid mixture was hydrated
(swelled) by adding 1.5 mL of 10 mM sodium phosphate,
150 mM sodium chloride at pH 7.4 buffer, and each sample
was vortexed for 3 min to uniformly disperse the lipids and
form homogeneous multilamellar vesicles. The buffer was
always maintained at a temperature well above the phase
transition temperature of the phospholipid used as the vesicles
were made. The lipids were therefore swelled at a temper-
ature of 40 °C for POPC and 60 °C for DPPC samples. LUVs
of 100 nm diameter were prepared by the extrusion technique
using an Avestin Liposofast Extruder (Ottawa, Ontario,
Canada) as previously described (24). Briefly, the multila-
mellar vesicles were freeze–thawed five times using liquid
nitrogen to ensure solute equilibration between trapped and
bulk solutions, and then extruded through polycarbonate
filters (pore diameter of 100 nm) mounted in the extruder
fitted with Hamilton syringes (Hamilton Company, Reno,
NV). The samples were subjected to 11 passes through
polycarbonate filters to give the final LUV suspension.
Background samples were prepared the same way except
that the fluorescent probe was not added to them. The optical
density of the samples measured at 358 nm was less than
0.15 in all cases, which rules out any possibility of scattering
artifacts in the anisotropy measurements. Samples were
incubated in the dark for 12 h at room temperature (∼23
°C) for equilibration before measuring fluorescence. All

FIGURE 1: Chemical structures of the sterols used. 7-Dehydrocho-
lesterol and desmosterol are immediate biosynthetic precursors of
cholesterol in the Kandutsch-Russell (7) and Bloch (8) pathways,
respectively. 7-Dehydrocholesterol differs with cholesterol only in
a double bond at the 7th position in the sterol ring, and desmosterol
differs with cholesterol only in a double bond at the 24th position
in the flexible alkyl side chain (highlighted in their chemical
structures).
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function. Previous studies have shown that structural features,
such as an intact alicyclic chain, a free 3!-OH group, a planar
∆5(6) double bond, angular methyl groups, and a branched
7-carbon alkyl chain at the 17!-position, have all been found
to be necessary for the complex biological function displayed
by cholesterol (12–15). Close structural analogues of cho-
lesterol, such as ergosterol, are known to give rise to
membrane properties that are markedly different from those
observed in membranes containing cholesterol (16, 17). A
consequence of this fact is that the function of membrane
proteins, supported by cholesterol, is often not maintained
even with close analogues of cholesterol. For example, sterols
that differ from cholesterol only in a double bond have been
shown to exhibit different lateral pressure profiles (18) and
are not able to support the function of membrane receptors
that require cholesterol (19, 20). In addition, it has been
reported that the activity of inward-rectifier K+ channels is
modulated even by optical isomers of cholesterol, thereby
exemplifying the specificity of interaction (21).

Keeping in mind the importance of comparative studies
of the effects of cholesterol and its precursors on membrane
properties, in this work, we have monitored the effect of
cholesterol and its two immediate biosynthetic precursors
(7-DHC and desmosterol) on the biophysical and dynamic
properties of fluid (POPC) and gel (DPPC) phase membranes.
For this, we have used fluorescent membrane probes, DPH
and TMA-DPH, and the hydrophobic probe, pyrene. Our
results using these probes show that although both 7-DHC
and desmosterol differ with cholesterol in a double bond,
they exhibit differential effects on membrane organization
and dynamics.

EXPERIMENTAL PROCEDURES

Materials. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), cholesterol, 7-dehydrocholesterol (7-DHC), des-
mosterol, and pyrene were obtained from Sigma Chemical
Co. (St. Louis, MO). 1,2-Dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) were purchased from Avanti Polar
Lipids (Alabaster, AL). 1,6-Diphenyl-1,3,5-hexatriene (DPH)
and 1-[4-(trimethylammonio)phenyl]-6-phenyl-1,3,5-hexatriene
(TMA-DPH) were from Molecular Probes (Eugene, OR).
Lipids were checked for purity by thin layer chromatography
on silica gel precoated plates (Sigma) in chloroform/
methanol/water (65:35:5, v/v/v) and were found to give only
one spot in all cases with a phosphate-sensitive spray and
on subsequent charring (22). The concentration of DPPC and
POPC was determined by phosphate assay subsequent to total
digestion by perchloric acid (23). DMPC was used as an
internal standard to assess lipid digestion. The concentration
of the stock solution of DPH, TMA-DPH, and pyrene in
methanol was estimated from their respective molar absorp-
tion coefficients (ε) of 88,000 M-1 cm-1 at 350 nm for DPH
and TMA-DPH and 54,000 M-1 cm-1 at 335 nm for pyrene.
All other chemicals used were of the highest purity available.
The solvents used were of spectroscopic grade. Water was
purified through a Millipore (Bedford, MA) Milli-Q system
and used throughout.

Sample Preparation. All experiments were done using
large unilamellar vesicles (LUVs) of 100 nm diameter of
either POPC or DPPC containing increasing concentrations
(0–50 mol %) of a given sterol (cholesterol or 7-DHC or
desmosterol) and 1 mol % fluorescent probe (DPH, TMA-
DPH, or pyrene). In general, 640 nmol of total lipid
(phospholipid and sterol) and 6.4 nmol of fluorescent probe
were mixed well and dried under a stream of nitrogen while
being warmed gently (∼35 °C). After further drying under
a high vacuum for at least 3 h, the lipid mixture was hydrated
(swelled) by adding 1.5 mL of 10 mM sodium phosphate,
150 mM sodium chloride at pH 7.4 buffer, and each sample
was vortexed for 3 min to uniformly disperse the lipids and
form homogeneous multilamellar vesicles. The buffer was
always maintained at a temperature well above the phase
transition temperature of the phospholipid used as the vesicles
were made. The lipids were therefore swelled at a temper-
ature of 40 °C for POPC and 60 °C for DPPC samples. LUVs
of 100 nm diameter were prepared by the extrusion technique
using an Avestin Liposofast Extruder (Ottawa, Ontario,
Canada) as previously described (24). Briefly, the multila-
mellar vesicles were freeze–thawed five times using liquid
nitrogen to ensure solute equilibration between trapped and
bulk solutions, and then extruded through polycarbonate
filters (pore diameter of 100 nm) mounted in the extruder
fitted with Hamilton syringes (Hamilton Company, Reno,
NV). The samples were subjected to 11 passes through
polycarbonate filters to give the final LUV suspension.
Background samples were prepared the same way except
that the fluorescent probe was not added to them. The optical
density of the samples measured at 358 nm was less than
0.15 in all cases, which rules out any possibility of scattering
artifacts in the anisotropy measurements. Samples were
incubated in the dark for 12 h at room temperature (∼23
°C) for equilibration before measuring fluorescence. All

FIGURE 1: Chemical structures of the sterols used. 7-Dehydrocho-
lesterol and desmosterol are immediate biosynthetic precursors of
cholesterol in the Kandutsch-Russell (7) and Bloch (8) pathways,
respectively. 7-Dehydrocholesterol differs with cholesterol only in
a double bond at the 7th position in the sterol ring, and desmosterol
differs with cholesterol only in a double bond at the 24th position
in the flexible alkyl side chain (highlighted in their chemical
structures).
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• Congenital and developmental malformation syndrome associated with defective 
cholesterol biosynthesis


• Clinically diagnosed by reduced levels of cholesterol and elevated levels of 7-DHC

Smith-Laemli-Opitz syndrome (SLOS)



Horton, Goldstein and Brown (2002) Journal of Clinical Investigation, 109(9), 1125–1131

Cholesterol homeostasis
• Cholesterol homeostasis in vertebrate cells is regulated by a family of membrane-bound 

transcription factors called sterol regulatory element-binding proteins (SREBPs)  

• SREBPs directly activate the expression of more than 30 genes dedicated to the synthesis and 
uptake of cholesterol, fatty acids, triglycerides, phospholipids, and NADPH required to 
synthesize these molecules 

• SREBPs are basic helix-loop-helix–leucine zipper (bHLH-Zip) family of transcription factors 

• They are synthesized as inactive precursors bound to the endoplasmic reticulum (ER) 



• Mammalian genome encodes three SREBP isoforms; SREBP-1a, SREBP-1c, SREBP-2  

• Each SREBP precursor of about 1150 amino acids is organized into three domains:  

• N-terminal domain of about 480 amino acids that contains the bHLH-Zip region for binding 
DNA  

• Two hydrophobic transmembrane–spanning segments interrupted by a short loop of about 
30 amino acids that projects into the lumen of the ER 

• A COOH-terminal domain of about 590 amino acids that performs the essential regulatory 
functions

Cholesterol homeostasis



thesis. Like SREBP-1a, SREBP-2 has a long transcrip-
tional activation domain, but it preferentially activates
cholesterol synthesis (1). SREBP-1a and SREBP-2 are the
predominant isoforms of SREBP in most cultured cell
lines, whereas SREBP-1c and SREBP-2 predominate in
the liver and most other intact tissues (6).

When expressed at higher than physiologic levels,
each of the three SREBP isoforms can activate all
enzymes indicated in Figure 2, which shows the
biosynthetic pathways used to generate cholesterol
and fatty acids. However, at normal levels of expres-
sion, SREBP-1c favors the fatty acid biosynthetic path-
way and SREBP-2 favors cholesterologenesis. SREBP-
2–responsive genes in the cholesterol biosynthetic
pathway include those for the enzymes HMG-CoA
synthase, HMG-CoA reductase, farnesyl diphosphate
synthase, and squalene synthase. SREBP-1c–respon-
sive genes include those for ATP citrate lyase (which
produces acetyl-CoA) and acetyl-CoA carboxylase and
fatty acid synthase (which together produce palmitate
[C16:0]). Other SREBP-1c target genes encode a rate-
limiting enzyme of the fatty acid elongase complex,
which converts palmitate to stearate (C18:0) (ref. 7);
stearoyl-CoA desaturase, which converts stearate to
oleate (C18:1); and glycerol-3-phosphate acyltrans-
ferase, the first committed enzyme in triglyceride and
phospholipid synthesis (3). Finally, SREBP-1c and
SREBP-2 activate three genes required to generate

NADPH, which is consumed at multiple stages in
these lipid biosynthetic pathways (8) (Figure 2).

Knockout and transgenic mice
Ten different genetically manipulated mouse models
that either lack or overexpress a single component of the
SREBP pathway have been generated in the last 6 years
(9–16). The key molecular and metabolic alterations
observed in these mice are summarized in Table 1.

Knockout mice that lack all nSREBPs die early in
embryonic development. For instance, a germline dele-
tion of S1p, which prevents the processing of all SREBP
isoforms, results in death before day 4 of development
(15, 17). Germline deletion of Srebp2 leads to 100%
lethality at a later stage of embryonic development
than does deletion of S1p (embryonic day 7–8). In con-
trast, germline deletion of Srebp1, which eliminates
both the 1a and the 1c transcripts, leads to partial
lethality, in that about 15–45% of Srebp1–/– mice survive
(13). The surviving homozygotes manifest elevated lev-
els of SREBP-2 mRNA and protein (Table 1), which pre-
sumably compensates for the loss of SREBP-1a and -1c.
When the SREBP-1c transcript is selectively eliminat-
ed, no embryonic lethality is observed, suggesting that
the partial embryonic lethality in the Srebp1–/– mice is
due to the loss of the SREBP-1a transcript (16).

To bypass embryonic lethality, we have produced
mice in which all SREBP function can be disrupted in
adulthood through induction of Cre recombinase. For
this purpose, loxP recombination sites were inserted
into genomic regions that flank crucial exons in the
Scap or S1p genes (so-called floxed alleles) (14, 15).
Mice homozygous for the floxed gene and heterozy-
gous for a Cre recombinase transgene, which is under
control of an IFN-inducible promoter (MX1-Cre), can
be induced to delete Scap or S1p by stimulating IFN
expression. Thus, following injection with polyi-
nosinic acid–polycytidylic acid, a double-stranded
RNA that provokes antiviral responses, the Cre recom-
binase is produced in liver and disrupts the floxed gene
by recombination between the loxP sites.

Cre-mediated disruption of Scap or S1p dramatically
reduces nSREBP-1 and nSREBP-2 levels in liver and
diminishes expression of all SREBP target genes in
both the cholesterol and the fatty acid synthetic path-
ways (Table 1). As a result, the rates of synthesis of cho-
lesterol and fatty acids fall by 70–80% in Scap- and
S1p-deficient livers.

In cultured cells, the processing of SREBP is inhibit-
ed by sterols, and the sensor for this inhibition is SCAP
(5). To learn whether SCAP performs the same function
in liver, we have produced transgenic mice that express
a mutant SCAP with a single amino acid substitution
in the sterol-sensing domain (D443N) (12). Studies in
tissue culture show that SCAP(D443N) is resistant to
inhibition by sterols. Cells that express a single copy of
this mutant gene overproduce cholesterol (18). Trans-
genic mice that express this mutant version of SCAP in
the liver exhibit a similar phenotype (12). These livers
manifest elevated levels of nSREBP-1 and nSREBP-2,
owing to constitutive SREBP processing, which is not
suppressed when the animals are fed a cholesterol-rich
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Figure 1
Model for the sterol-mediated proteolytic release of SREBPs from mem-
branes. SCAP is a sensor of sterols and an escort of SREBPs. When cells
are depleted of sterols, SCAP transports SREBPs from the ER to the Golgi
apparatus, where two proteases, Site-1 protease (S1P) and Site-2 protease
(S2P), act sequentially to release the NH2-terminal bHLH-Zip domain
from the membrane. The bHLH-Zip domain enters the nucleus and binds
to a sterol response element (SRE) in the enhancer/promoter region of tar-
get genes, activating their transcription. When cellular cholesterol rises,
the SCAP/SREBP complex is no longer incorporated into ER transport
vesicles, SREBPs no longer reach the Golgi apparatus, and the bHLH-Zip
domain cannot be released from the membrane. As a result, transcription
of all target genes declines. Reprinted from ref. 5 with permission.

SREBP cleavage–activating protein 
(SCAP) is the sterol sensor and 
escort for SREBPs.  

When cells are depleted of sterols, 
SCAP transports SREBPs from the 
ER to the Golgi apparatus  

Two proteases, Site-1 protease (S1P) 
and Site-2 protease (S2P), act 
sequentially to release the NH2-
terminal bHLH-Zip domain from the 
membrane.  

The bHLH-Zip domain enters the 
nucleus and binds to a sterol 
response element (SRE) in the 
enhancer/promoter region of target 
genes, activating their transcription.  

When cellular cholesterol rises, the 
SCAP/SREBP complex is no longer 
incorporated into ER transport 
vesicles, SREBPs no longer reach the 
Golgi apparatus, and the bHLH-Zip 
domain cannot be released from the 
membrane. As a result, transcription 
of all target genes declines.  
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required for normal SREBP processing in the liver.
SCAP, acting through its sterol-sensing domain, medi-
ates feedback regulation of cholesterol synthesis. The
SREBPs play related but distinct roles: SREBP-1c, the
predominant SREBP-1 isoform in adult liver, prefer-
entially activates genes required for fatty acid synthe-
sis, while SREBP-2 preferentially activates the LDL
receptor gene and various genes required for choles-
terol synthesis. SREBP-1a and SREBP-2, but not
SREBP-1c, are required for normal embryogenesis.

Transcriptional regulation of SREBP genes
Regulation of SREBPs occurs at two levels — transcrip-
tional and posttranscriptional. The posttranscription-
al regulation discussed above involves the sterol-medi-
ated suppression of SREBP cleavage, which results
from sterol-mediated suppression of the movement of
the SCAP/SREBP complex from the ER to the Golgi
apparatus (Figure 1). This form of regulation is mani-
fest not only in cultured cells (1), but also in the livers
of rodents fed cholesterol-enriched diets (19).

The transcriptional regulation of the SREBPs is more
complex. SREBP-1c and SREBP-2 are subject to dis-
tinct forms of transcriptional regulation, whereas
SREBP-1a appears to be constitutively expressed at low
levels in liver and most other tissues of adult animals
(6). One mechanism of regulation shared by SREBP-1c
and SREBP-2 involves a feed-forward regulation medi-
ated by SREs present in the enhancer/promoters of
each gene (20, 21). Through this feed-forward loop,
nSREBPs activate the transcription of their own genes.
In contrast, when nSREBPs decline, as in Scap or S1p

knockout mice, there is a secondary decline in the
mRNAs encoding SREBP-1c and SREBP-2 (14, 15).

Three factors selectively regulate the transcription of
SREBP-1c: liver X-activated receptors (LXRs), insulin,
and glucagon. LXRα and LXRβ, nuclear receptors that
form heterodimers with retinoid X receptors, are acti-
vated by a variety of sterols, including oxysterol inter-
mediates that form during cholesterol biosynthesis
(22–24). An LXR-binding site in the SREBP-1c promot-
er activates SREBP-1c transcription in the presence of
LXR agonists (23). The functional significance of 
LXR-mediated SREBP-1c regulation has been con-
firmed in two animal models. Mice that lack both
LXRα and LXRβ express reduced levels of SREBP-1c
and its lipogenic target enzymes in liver and respond
relatively weakly to treatment with a synthetic LXR
agonist (23). Because a similar blunted response is
found in mice that lack SREBP-1c, it appears that LXR
increases fatty acid synthesis largely by inducing
SREBP-1c (16). LXR-mediated activation of SREBP-1c
transcription provides a mechanism for the cell to
induce the synthesis of oleate when sterols are in excess
(23). Oleate is the preferred fatty acid for the synthesis
of cholesteryl esters, which are necessary for both the
transport and the storage of cholesterol.

LXR-mediated regulation of SREBP-1c appears also
to be one mechanism by which unsaturated fatty acids
suppress SREBP-1c transcription and thus fatty acid
synthesis. Rodents fed diets enriched in polyunsatu-
rated fatty acids manifest reduced SREBP-1c mRNA
expression and low rates of lipogenesis in liver (25). In
vitro, unsaturated fatty acids competitively block LXR
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Figure 2
Genes regulated by SREBPs. The diagram shows the major metabolic intermediates in the pathways for synthesis of cholesterol, fatty acids, and
triglycerides. In vivo, SREBP-2 preferentially activates genes of cholesterol metabolism, whereas SREBP-1c preferentially activates genes of fatty
acid and triglyceride metabolism. DHCR, 7-dehydrocholesterol reductase; FPP, farnesyl diphosphate; GPP, geranylgeranyl pyrophosphate syn-
thase; CYP51, lanosterol 14α-demethylase; G6PD, glucose-6-phosphate dehydrogenase; PGDH, 6-phosphogluconate dehydrogenase; GPAT,
glycerol-3-phosphate acyltransferase.

Genes regulated by SREBPs. The diagram shows the major metabolic intermediates in the pathways for synthesis of cholesterol, 
fatty acids, and triglycerides. In vivo, SREBP-2 preferentially activates genes of cholesterol metabolism, whereas SREBP-1c 
preferentially activates genes of fatty acid and triglyceride metabolism. DHCR, 7-dehydrocholesterol reductase; FPP, farnesyl 
diphosphate; GPP, geranylgeranyl pyrophosphate synthase; CYP51, lanosterol 14α-demethylase; G6PD, glucose-6-phosphate 
dehydrogenase; PGDH, 6-phosphogluconate dehydrogenase; GPAT, glycerol-3-phosphate acyltransferase.
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Direct Binding of Cholesterol
to the Purified Membrane Region of SCAP:
Mechanism for a Sterol-Sensing Domain

whose ubiquitination and degradation is accelerated by
sterols; (2) the lipid transport protein known as Neimann
Pick C1 (NPC1) that is defective in a human cholesterol-
storage disease; (3) the developmental protein Patched
whose ligand, Hedgehog, is the only known protein to
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which cholesterol is covalently attached; (4) the mem-University of Texas Southwestern Medical Center
brane protein Dispatched that facilitates the release ofDallas, Texas 75390
Hedgehog from Hedgehog-producing cells; and (5) the
penultimate enzyme in the cholesterol biosynthetic
pathway, 7-dehydrocholesterol reductase, whose ge-Summary
netic absence causes developmental abnormalities in
patients with the Smith-Lemli-Opitz syndrome. The mostMammalian cells control their membrane composition
recent sterol-sensing protein to be described is theby regulating the vesicular transport of membrane-
transport protein, NPC1L1, that facilitates the intestinalbound sterol regulatory element binding proteins
absorption of dietary cholesterol in humans and rodents(SREBPs) from endoplasmic reticulum (ER) to Golgi.
(Altmann et al., 2004). Each of these proteins has 8 toTransport is blocked by cholesterol, which triggers
12 predicted membrane-spanning helices, 5 of whichSCAP, the SREBP escort protein, to bind to Insigs,
resemble the sterol-sensing domain in SCAP. The puta-which are ER retention proteins. The cholesterol trig-
tive sterol-sensing domains of the mammalian versionsger mechanism is unknown. Using recombinant SCAP
of these proteins show !25% sequence identity withpurified in detergent, we show that cholesterol acts
the sterol-sensing domain of mammalian SCAP.by binding with high affinity and specificity to the 767

SCAP is essential for the proteolytic processing ofamino acid octahelical membrane region of SCAP.
SREBPs, which are basic-helix-loop-helix-leucine zip-This octahelical region contains a conserved pentahel-
per (bHLH-Zip) transcription factors that are synthesizedical sterol-sensing domain found in six other polytopic
as transmembrane precursors embedded in mem-membrane proteins. We show that the membrane do-
branes of the endoplasmic reticulum (ER) (Brown andmain of SCAP is a tetramer and that cholesterol bind-
Goldstein, 1999; Goldstein et al., 2002). In the ER theing is inhibited by cationic amphiphiles, raising the
SREBPs form complexes with SCAP, which has a dualpossibility of allosteric regulation by positively charged
function as escort protein and sterol sensor. When cellsphospholipids. The current studies show that cells
are depleted of sterols, SCAP escorts SREBPs from ERcontrol their cholesterol content through receptor-
to Golgi where the SREBPs are cleaved sequentially byligand interactions and not through changes in the
two proteases. Cleavage releases the bHLH-Zip domainphysical properties of the membrane.
which travels to the nucleus where it activates more than
35 genes whose products play roles in the synthesisIntroduction
and uptake of lipids, including cholesterol (Horton et
al., 2003). As a sterol sensor, SCAP mediates feedbackSterol-sensing domains are conserved intramembra-
inhibition of cholesterol synthesis and cholesterol up-nous protein sequences that play essential roles in con-
take via the low-density lipoprotein (LDL) receptor.trolling lipid homeostasis and other membrane-related
When sterols build up in the ER membrane, SCAP under-developmental functions in animal cells. These domains
goes a conformational change that allows it to bind toconsist of !180 amino acids that form five predicted
Insig-1 or Insig-2, which are resident membrane proteinsmembrane-spanning helices with short intervening of the ER that serve as anchors (Yang et al., 2002; Yabe

loops. The sterol-sensing function was originally ob- et al., 2002a). Binding to either Insig prevents the SCAP/
served in SCAP (SREBP cleavage-activating protein) SREBP complex from moving to the Golgi complex,
(Hua et al., 1996), a protein that controls the transport thus decreasing cholesterol synthesis and uptake and
and proteolytic activation of sterol regulatory element thereby closing the feedback loop. The mechanism by
binding proteins (SREBPs), which are membrane-bound which cholesterol influences the conformation of SCAP
transcription factors that activate the synthesis of cho- is unknown.
lesterol and other lipids in animal cells (Brown and The aforementioned feedback can be executed by
Goldstein, 1999). either exogenous cholesterol delivered to the cell in LDL

Evolutionarily related sterol-sensing sequences are or by hydroxylated derivatives of cholesterol such as 25-
found in at least six other polytopic membrane proteins, hydroxycholesterol delivered in ethanol solutions. Both
all of which have some relation to sterols (Hua et al., types of sterol cause SCAP to be retained in the ER in
1996; Nohturfft et al., 1998; Mann and Beachy, 2000; an Insig-dependent manner (Yang et al., 2002), but it is
Kuwabara and Labouesse, 2002). These include (1) the not clear that cholesterol and hydroxylated sterols affect
cholesterol biosynthetic enzyme 3-hydroxy-3-methyl- SCAP through the same mechanism.
glutaryl coenzyme A reductase (HMG CoA reductase), SCAP is divided into two large regions of 600–700

amino acids each. The hydrophilic COOH-terminal re-
gion projects into the cytosol where it binds to the cyto-*Correspondence: mike.brown@utsouthwestern.edu (M.S.B.); joe.

goldstein@utsouthwestern.edu (J.L.G.) solic domains of SREBPs. The hydrophobic NH2-termi-


