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Abstract

Glycerophospholipids are the principal fabric of cellular membranes. The pathways by which 

these lipids are synthesized were elucidated mainly through the work of Kennedy and colleagues 

in the late 1950s and early 1960s. Subsequently, attention turned to cell biological aspects of 

lipids: Where in the cell are lipids synthesized? How are lipids integrated into membranes to form 

a bilayer? How are they sorted and transported from their site of synthesis to other cellular 

destinations? These topics, collectively termed ‘lipid topogenesis’, were the subject of a review 

article in 1981 by Bell, Ballas and Coleman. We now assess what has been learned about early 

events of lipid topogenesis, i.e. “lipid synthesis, the integration of lipids into membranes, and lipid 

translocation across membranes”, in the 35 years since the publication of this important review. 

We highlight the recent elucidation of the X-ray structures of key membrane enzymes of 

glycerophospholipid synthesis, progress on identifying lipid scramblase proteins needed to 

equilibrate lipids across membranes, and new complexities in the subcellular location and 

membrane topology of phosphatidylinositol synthesis revealed through a comparison of two 

unicellular model eukaryotes.
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Introduction

Thirty-five years ago, Bell, Ballas and Coleman published a review article entitled ‘Lipid 

topogenesis’ [1]. The previous year, Blobel had published an article entitled ‘Intracellular 

protein topogenesis’ [2] (see also the related review by Rothman and Lenard [3]). Both 

articles focused on the endoplasmic reticulum (ER), a biogenic membrane capable of 

synthesizing and integrating its lipid and protein components. The term topogenesis is not 

found in the Oxford English Dictionary but was used in both papers to describe events that 

accompany and follow the synthesis of membrane components. Early topogenic events 

comprise those that occur concurrently with – or soon after – the synthesis of lipids and 

proteins, whereas late events refer to the processes whereby these molecules are sorted and 

exported from the ER to reach other cellular destinations. These are fundamental processes 

that describe the biogenesis of cellular membranes.

Cells synthesize a diverse array of glycerophospholipids and other lipids. The question of 

why there are so many lipid species has been discussed [4–6]. Thus, lipid diversity is 

necessary to generate thin and thick cell membranes with biogenic and barrier functions, 

provide transbilayer charge asymmetry, endow membranes with adaptive properties that 

allow them to tolerate changes in temperature by eliminating phase transitions, enable 

membranes to curve, bend and be sculpted into vesicles, provide a wide range of signaling 

molecules, and support the activities of membrane proteins many of which require a 

particular lipid environment and specific lipid cofactors. The diverse spectrum of cellular 

lipids is synthesized via complex, sometimes parallel and often essential pathways, and lipid 

diversity is increased and homeostatically maintained by remodeling reactions in which acyl 

chains are removed and replaced. The paradigmatic pathways of glycerophospholipid 

biosynthesis were elucidated in the late 1950s and early 1960s [7,8] and highlight the central 

role of cytidine nucleotides. These pathways, termed the Kennedy pathways, are shown in 

Figure 1. Biosynthesis requires CDP-alcohol phosphotransferase enzymes that catalyze the 

formation of a phosphodiester bond linking the head and tail components of the lipid. For 

this, the head or tail of the lipid enters the enzymatic reaction as an activated (high energy) 

precursor in the form of a CDP-alcohol. Transfer to a cognate acceptor alcohol (a tail or a 

head, respectively) results in the formation of a phospholipid. Thus, a water-soluble CDP-

alcohol (headgroup donor) may be combined with diacylglycerol (DAG) as in the case of 

phosphatidylcholine (PC) synthesis. Alternatively, a lipophilic CDP-alcohol, CDP-DAG, 

may be used in conjunction with a non-activated headgroup as in the case of 

phosphatidylinositol (PI) synthesis. The reaction can be written generically as:
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(where R1 and R2 correspond to the head and tail components of the phospholipid (R1-P-

R2), or vice versa, and P indicates a phosphodiester bond).

The main conclusion of the Bell et al. review [1] was that CDP-alcohol phosphotransferase-

catalyzed lipid biosynthetic reactions are carried out on the cytoplasmic face of the ER by 

membrane-bound enzymes. Thus lipid synthesis is asymmetric, resulting in the deposition of 

new phospholipids into the cytoplasmic leaflet of the ER membrane. There is no parallel 

biosynthetic pathway to generate phospholipids in the luminal leaflet of the ER. Thus, 

propagation of the lipid bilayer requires newly synthesized lipids to be translocated across 

the membrane to populate the luminal leaflet. As spontaneous transbilayer translocation of 

phospholipids does not occur at an appreciable rate, it was assumed that a lipid transporter – 

a scramblase protein – must be involved. Much of the experimental work supporting these 

conclusions was obtained via studies on sealed rat liver microsomes. Bell et al. discuss 

experiments where proteases and membrane impermeant inhibitors were used to probe the 

orientation of the active sites of lipid biosynthetic enzymes in microsomes, and in which the 

transport (or lack thereof) of substrates such as CDP-choline and palmitoyl-CoA into the 

vesicles was measured and localization of lipid products was determined by phospholipases 

or chemical modification.

Despite the concurrency of the two review articles on protein and lipid topogenesis, studies 

of protein topogenesis have yielded a wealth of information [9,10] whereas progress on lipid 

aspects has been comparatively slow. However, with relatively recent advances in certain 

areas such as lipidomics [5,11,12] and live cell imaging of lipids [13](Kobayashi, this 

special issue), the understanding of late lipid topogenic events has steadily improved. In 

contrast, early topogenic events remain poorly defined but the prospects for improvement 

here are bright. For example, in the past couple of years there has been an explosion of 

structural information on lipid biosynthetic enzymes [14–17] and while as yet there is no 

indication of the molecular identity of the scramblase that is needed to redistribute newly 

synthesized lipids between the two leaflets of the ER membrane [18], the recent discovery of 

other scramblase proteins [19–24] lends hope that the identity of the ER scramblase will 

soon be revealed. Here our objective is to review these recent advances and to assess what 

has been learned about early events of lipid topogenesis, i.e. ‘lipid synthesis, the integration 

of lipids into membranes, and lipid translocation across membranes’ [1], in the 35 years 

since the publication of the review by Bell and colleagues.

CDP-alcohol phosphatidyltransferase enzymes

The Bell et al. review [1] is best known for capturing the concept that glycerophospholipids 

are synthesized on the cytoplasmic face of the ER, and that newly synthesized phospholipids 

must redistribute across the membrane in order to expand the bilayer uniformly. This 

conclusion is depicted pictorially in Figure 2, which also shows the best current assessment 

of the membrane topology of CEPT, the choline/ethanolamine phosphotransferase enzyme 

that generates phosphatidylcholine (PC) and phosphatidylethanolamine (PE) in the ER 

membrane from the corresponding CDP-alcohol and diacylglycerol (DAG). Active site 

residues of CEPT are found within a cytoplasmic loop between the first and second 

transmembrane domain. The choline-specific CPT enzyme is located in the Golgi apparatus, 
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but has a similar predicted membrane topology [25]. PA provides DAG in the ER, whereas 

Golgi DAG may be a byproduct of sphingomyelin synthesis.

CEPT, CPT and EPT (Figure 1) are members of the CDP-alcohol phosphotransferase family. 

These enzymes catalyze the scission of a phosphoanhydride bond to release CMP from a 

CDP-alcohol, with the concomitant formation of a phosphodiester bond (Figure 2). Beyond 

scanning mutagenesis studies supplemented with bioinformatics to define active site 

residues, and the use of membrane topology prediction algorithms to determine the 

orientation of the active site with respect to the membrane (Figure 2)[25], no molecular 

information was available on this class of enzymes. However, the recent reports of the X-ray 

structures of two CDP-alcohol phosphotransferases [15,16] from the hyperthermophilic 

archaeon Archaeoglobus fulgidus that use a water-soluble CDP-alcohol (Figure 3) and 

another from the Gram-positive bacterium Renibacterium salmoninarum that uses CDP-

DAG [17] shed light on the molecular basis of phospholipid biosynthesis.

In this section we focus on the A. fulgidus CDP-alcohol phosphotransferases AfAPT1 and 

AfAPT2, encoded by the genes AF0263 [15] and AF2299 [16], respectively. The R. 
salmoninarum enzyme will be discussed later. AfAPT1 is a bifunctional enzyme, organized 

in the form of two domains (Figure 3)[15,27]. The cytoplasmic domain (IPCT) synthesizes 

CDP-inositol, whereas the transmembrane domain (DIPPS) is a CDP-alcohol 

phosphotransferase. The specific reactions catalyzed by AfAPT1 are:

i. Inositol-1-phosphate + CTP → CDP-inositol + PPi (catalyzed by L-myo-
inositol-1-phosphate cytidylyltransferase (IPCT))

ii. CDP-inositol + inositol-1-phosphate → di-inositol-1,3′-phosphate -1′-

phosphate + CMP (catalyzed by a di-myo-inositol-1,3′-phosphate-1′-phosphate 
synthase (DIPPS)).

As evident from the reaction sequence, AfAPT1 does not synthesize a phospholipid but 

rather DIPP, a water-soluble compound; DIPP is eventually dephosphorylated to the 

osmolyte di-inositol-1,3′-phosphate (DIP) which serves a protective role in 

hyperthermophiles. Although the substrate and product of DIPPS are water-soluble, the 

DIPPS domain of AfAPT1 is a polytopic membrane protein. It has been suggested that this 

is an evolutionary hold-over as DIPP-synthases evolved from phosphatidylinositol (PI) 

synthases [28] which are invariably membrane proteins.

AfAPT1 forms a dimer, with interactions between the two monomers occurring via 

hydrophobic contacts in the DIPPS domain within the lipid bilayer (Figure 3). The DIPPS 

domain comprises of six transmembrane α-helices with polar and charged residues on the 

cytoplasmic side. These residues line a polar cavity that is accessible from the cytoplasm. 

The cavity harbors four aspartate residues that coordinate a Mg2+ ion required for catalysis. 

Three of the four aspartate residues belong to a previously described consensus motif 

(DG(x)2AR(x)8G(x)3D(x)3D) characteristic of all CDP-alcohol phosphotransferases and 

appear to directly coordinate the metal ion. Given its proximity to the other aspartates and 

Mg2+, and measured loss of enzymatic activity on replacement with alanine, the authors 

suggest that the fourth aspartate residue should also be included in this consensus motif, 

which they revised to the following form: D(x)2DG(x)2AR(x)7–12G(x)3D(x)3D.
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Two potential substrate-binding pockets were identified in the DIPPS domain using in silico 
methods (Figure 3). Pocket 1 is flanked by the CDP-alcohol phosphotransferase consensus 

motif. It is located on top of the central catalytic pocket close to the Mg2+ binding site and is 

proposed to be involved in binding CDP-alcohol. Pocket 2, located at the base of the 

hydrophilic cavity, is proposed to provide the binding site for inositol-1-phosphate based on 

sequence conservation. The proposed role of these binding pockets was confirmed by 

molecular docking experiments and mutagenesis studies [15]. Catalysis carried out by 

DIPPS occurs by a SN2 displacement mechanism where aspartate residues act as base 

catalysts to promote the nucleophilic attack of the -OH in inositol-1-phosphate on the β-

phosphoryl of CDP-inositol to form DIPP and CMP.

A final point concerns the cytoplasmic IPCT domain (Figure 3). The architecture of this 

domain is characteristic of a nucleotidyltransferase Rossmann fold. It is interesting to note 

that the catalytic pocket of the IPCT domain faces away from the CDP-inositol binding 

pocket (pocket 1) of DIPPS even though the two domains have to catalyze consecutive steps 

of DIPP formation (Figure 3). It has been proposed that substrate binding brings about 

conformational changes that can orient the two domains such that their functions are 

coordinated.

Whereas the structure of AfAPT1 was solved only in the apo state, crystal structures of both 

the apo- and ligand-bound forms of AfAPT2 were reported. These highlight the important 

residues involved in ligand binding and catalysis (Figure 4). Although the fold and domain 

architecture of AfAPT2 is similar to that of AfAPT1, the presence of bound ligands gives us 

a better understanding of the catalytic mechanism. The structures (PDB 4O6M and 4O6N) 

directly shed light on the catalytic mechanism by assigning functions to the residues of the 

signature consensus motif of the CDP-alcohol phosphotransferase family of proteins. 

Briefly, residues D214, D217 and D235 (Figure 4) coordinate the pyrophosphate of CDP 

whereas D239 plays an important role in catalysis. D239 does not participate in binding to 

CDP but is located between the acceptor and donor binding sites, indicating its crucial role 

in catalysis. This residue facilitates nucleophilic attack of the activated acceptor on the β-

phosphorus of the CDP, resulting in formation of CMP and a phosphodiester product. The 

mechanism seems universal for all members of the CDP-alcohol phosphotransferase family.

The structures of AfAPT1 and AfAPT2 reinforce many structure-function aspects of the 

CDP-alcohol phosphotransferase protein family that were previously known only through 

mutagenesis and bioinformatics studies, and illuminate the enzymatic mechanism. 

Importantly, the membrane topology of the DIPPS domain and its cytoplasmically exposed 

substrate-binding pocket for CDP-alcohol reinforces the prevailing view of the topology of 

phospholipid reactions in the ER (Figure 2).

Bilayer assembly requires lipid scrambling

The problem of how newly synthesized phospholipids are translocated (flipped) from the 

cytoplasmic to the luminal side of the ER remains unsolved, despite the passage of more 

than 35 years since such translocation events were first measured in biogenic membranes 

(for example [29]). It is clear that such a translocation event is necessary in order to deposit 
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newly synthesized lipids into the luminal leaflet of the ER membrane bilayer (Figure 2) and 

ensure uniform expansion of the bilayer during cell growth [18]. As spontaneous 

transbilayer movement of phospholipids occurs infrequently because of the energetic 

challenge of reorienting the lipid headgroup through the hydrophobic interior of the bilayer, 

a cost of >20 kcal/mole, the ER must have specific mechanisms to accelerate the rate of lipid 

flipping [18]. This is indeed the case as revealed by a number of studies on phospholipid 

translocation using ER-derived microsomal vesicles and also synthetic proteoliposomes 

reconstituted with ER proteins [26,30–35]. All the studies point to a role for a specific 

membrane protein – a phospholipid scramblase – in mediating constitutive, bidirectional, 

ATP-independent transbilayer movement of common phospholipids across the ER 

membrane. Interestingly, measured rates of phospholipid scrambling are much higher than 

needed for cell growth [18,36], consistent with a constitutive activity, while specificity is 

relatively low as non-natural structural isomers of glycerophospholipids (for example lipids 

with an sn-2,3-diacylglycerol moiety instead of the sn-1,2-diacylglycerol found in 

eukaryotes [33]) as well as ceramide-based lipids such as sphingomyelin and 

glucosylceramide are translocated equally well [37]. However, some lipids such as the 

isoprenoid-based glycolipids involved in the biosynthesis of protein N-glycans are not 

translocated by phospholipid scramblases [35]. Reconstitution studies indicate that 

scramblase activity can be enriched in specific fractions of detergent-solubilized ER 

membrane proteins. Thus, analysis of Triton X-100-solubilized ER membrane proteins by 

velocity gradient sedimentation reveals that scramblase activity is associated with proteins 

that sediment at ~4S [33–35] and that bind dye resins from which they can be eluted in a 

sharp profile with low salt concentrations [35].

Although the first biochemical reconstitution of ER phospholipid scramblase activity was 

reported in 1987 [32], the ER phospholipid scramblase has yet to be identified at a molecular 

level. Why has progress in this area been so slow? Biochemical approaches to this problem 

are traditionally considered difficult as membrane proteins are involved, and the handling of 

lipids and the measurement of their transport represent unusual technical challenges. More 

importantly, it has been suggested that scramblase activity may be due to several proteins 

functioning independently, making the identification of a single scramblase protein via a 

genetic or biochemical reconstitution approach potentially difficult. An extension of this 

idea is that all proteins have some scramblase activity. Although this notion is supported by 

reports of the ability of certain transmembrane peptides to promote scrambling at a low rate 

[38,39], it is unlikely to represent a major mechanism as biochemical fractionation of Triton 

X-100-solubilized ER membrane proteins clearly identifies large cohorts of ER proteins that 

have no scramblase activity [35]. Further possibilities are that poorly folded membrane 

proteins destined for degradation via ER quality control pathways may disturb the bilayer, 

inducing defects that promote scrambling: such proteins may individually be poor 

scramblases, but collectively they might provide sufficient ‘background’ activity to 

overcome deficiencies in dedicated scramblases. While this idea is interesting, it conflicts 

with the experimental result that orthogonal fractionation approaches (discussed above) are 

able to enrich scramblase activity from a crude mixture of ER membrane proteins [35]. The 

fractionation studies strongly suggest that scramblase activity is either due to a single protein 
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or due to a small group of proteins with properties that are so similar that the proteins co-

fractionate even when distinct fractionation criteria are deployed.

Despite lack of progress on the ER scramblase, other scramblase proteins have nevertheless 

been identified in recent years. These discoveries represent major advances (Montigny et al. 
2016, this special issue). It has been known for decades that the plasma membrane of 

eukaryotic cells has an asymmetric transbilayer lipid distribution with phosphatidylserine 

(PS) confined to the cytoplasmic leaflet. Regulated exposure of PS at the cell surface is 

physiologically very important [40,41]. Thus, cells undergoing apoptosis expose PS as a 

recognition signal, marking them for clearance by macrophages. Activated blood platelets 

expose PS to generate a procoagulant surface necessary for the synthesis of blood clotting 

factors. The mechanisms by which PS becomes exposed at the cell surface were mysterious, 

until recently, when members of the Xkr8 protein family were shown to be involved in PS 

exposure during apoptosis [42,43], and TMEM16F, a member of the Ca2+-dependent 

TMEM16 family of ion channels, was shown to be required for PS exposure on activated 

platelets [19]. Whereas the scramblase activity of fungal members of the TMEM16 protein 

family has been demonstrated explicitly by reconstitution of purified proteins [20,21] it 

remains to be seen whether the Xkr8 proteins are indeed scramblases or whether they are 

indirect contributors to PS exposure during apoptosis.

More than 20 years ago it was reported that the disc membranes of rod photoreceptor cells 

of the retina have an ER-like phospholipid scramblase activity: phospholipid analogues were 

translocated unspecifically across discs by a bidirectional, ATP-independent mechanism 

[24,44,45]. Unexpectedly, the light-sensing G protein-coupled receptor (GPCR) rhodopsin 

was identified as the disc phospholipid scramblase [22–24]. Other Class A GPCRs, 

including the β1- and β2-adrenergic receptors, turned out to have scramblase activity as well 

[22,23]. Rhodopsin’s scramblase activity is implicated in aspects of photoreceptor disc 

membrane homeostasis [24] whereas the physiological function of the scramblase activity of 

other GPCRs remains to be determined. GPCRs are cell surface proteins and unlikely to be 

constitutively active at the plasma membrane as such activity would likely eliminate lipid 

asymmetry and inappropriately position PS at the cell surface; it has been speculated – but 

remains to be tested – that GPCR scramblase activity may be silenced by the high 

cholesterol content of the plasma membrane [23,24]. Like all proteins destined for the cell 

surface, GPCRs are first synthesized and integrated into the ER membrane before entering 

secretory vesicles for export. It is interesting to speculate that a transiting pool of GPCRs 

may provide the necessary scramblase activity for ER membrane biogenesis [23]. If this is 

the case, it should be possible to co-enrich the relevant GPCRs via the orthogonal 

fractionation procedures discussed above.

Activating the tail for lipid assembly: synthesis of the liponucleotide CDP-

diacylglycerol for synthesis of ER and mitochondrial phospholipids

We now turn to glycerophospholipid biosynthesis reactions where the high-energy CDP-

alcohol precursor is the activated lipid tail CDP-diacylglycerol (CDP-DAG). These reactions 

synthesize PI, phosphatidylglycerol (PG) and cardiolipin (CL) (Figure 1). PI is a constituent 
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of most eukaryotic membranes, but also serves as precursor of a large and structurally 

complex group of membrane-bound signaling molecules located in different intracellular 

compartments (recently reviewed in [46]), as well as the synthesis of 

glycosylphosphatidylinositol (GPI) lipids and protein anchors in the plasma membrane 

([47], recently reviewed in [48,49]). In contrast, PG and CL are signature mitochondrial 

glycerophospholipids. CL has a unique dimeric structure consisting of two phosphatidyl 

moieties linked to glycerol and plays an important role in mediating the formation and 

maintenance of multi-subunit oxidative phosphorylation complexes and supercomplexes and 

their interaction with the ADP-ATP-carrier [50–53] (recently reviewed in [54–57]). 

Surprisingly, despite its roles in mitochondrial membrane protein complex formation and 

stabilization, CL synthesis in S. cerevisiae is not essential for growth [58,59]. In contrast, the 

synthesis of CL is essential for growth of T. brucei parasites [60].

CDP-DAG is produced from phosphatidic acid (PA) and CTP in a reaction catalyzed by the 

integral membrane protein CDP-DAG synthase (CDS)(Figure 1). A recent report described 

the crystal structure of CDS from the hyperthermophilic bacterium Thermotoga maritima 
[14], providing the first molecular-level insights into CDS since its activity was first 

described by Paulus and Kennedy in 1960 [8]. The protein (termed TmCdsA) was 

crystallized as a dimer, with each subunit showing a deep funnel-shaped cavity containing a 

catalytically important Mg2+, K+-hetero-di-metal center and open both to the cytoplasmic 

side of the bilayer and to the membrane, consistent with entry and exit of the water-soluble 

and lipidic substrates (CTP, PA) and products (pyrophosphate, CDP-DAG) (Figure 5). PA 

could enter the reaction cavity from either the inner (cytoplasmic) or outer leaflet of the 

membrane; both possibilities are depicted in Figure 4. The CDP-DAG product of the 

reaction presumably exits on the cytoplasmic side. The catalytic mechanism appears to be 

analogous to the dual-ion mechanism proposed for enzymes that make and break nucleic 

acids [61,62]. The first step is the destabilization of the α-β-phosphodiester bond of CTP and 

the second step is the transfer of the CMP to PA. The phosphate group of PA, activated by 

Mg2+, initiates a nucleophilic attack on the α-phosphate of CTP. As a result the βγ-

pyrophosphate moiety of CTP is released with the assistance of K+, followed by the transfer 

of CMP to PA.

Early biochemical studies in yeast and mammalian cells showed that CDS activity is 

enriched in microsomal/ER fractions and the inner mitochondrial membrane [63–66]. In 

yeast CDS is encoded by a single gene, CDS1 [67]. Although the precise localization of S. 
cerevisiae Cds1 was not determined, it was generally believed that synthesis of CDP-DAG 

occurs in the ER, where it is used for PI and PS formation [68]. However, since CDP-DAG 

is also required for mitochondrial PG and CL synthesis, it was unclear if CDS has a dual 

localization or if CDP-DAG is transported from its site of synthesis in the ER to its site of 

usage in mitochondria. Only recently, detailed localization studies in yeast revealed that S. 
cerevisiae Cds1 is exclusively present in the ER [69]. Interestingly, in the same report, a 

novel mitochondrial CDS, Tam41, was identified [69]. Tam41 is a peripheral protein 

associating with the matrix side of the inner mitochondrial membrane. It was originally 

identified as a maintenance protein for the Tim23 complex [70,71] and was found to be 

involved in CL formation [72]. The identification of Tam41 in the inner mitochondrial 

membrane demonstrated that local production of CDP-DAG for PG and CL synthesis is 
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available, making putative transport pathways for CDP-DAG unnecessary. Interestingly, 

over-expression of ER-localized Cds1 was unable to restore CL levels in tam41Δ cells, 

indicating that transport of CDP-DAG from the ER to mitochondria is inefficient [69].

In mammals, two isoforms of CDS have been described, CDS1 and CDS2 [73,74]. The 

enzymes show different substrate specificities [75], however, both forms seem to be 

localized in the ER [75–77]. In addition, the human genome contains a homolog of yeast 

tam41, suggesting that besides CDS1/2, mammals may also express a mitochondrial CDS. It 

is tempting to speculate that CDS1/2 and TAM41 may reflect the chromatographically 

distinct CDP-DAG synthases described more than 20 years ago in microsomal and 

mitochondrial fractions, respectively, from liver cells [65,78].

The active site of Tam41 in S. cerevisiae faces the matrix [69]. This is consistent with the 

proposed localization of the active sites of the enzymes involved in the subsequent synthesis 

of PG and CL (reviewed in [79]). The discovery of a mitochondrial CDS solved a long-

standing issue about the sub-cellular distribution of the enzyme and/or the delivery of CDP-

DAG to the mitochondrion. In addition, its topological orientation indicates that all reactions 

involved in the formation of CL, with the exception of CL remodeling steps (reviewed in 

[79]), occur on the matrix side of the inner mitochondrial membrane.

Synthesis of a phospholipid from CDP-DAG: structure of a bacterial 

homolog of phosphatidylinositol synthase

The remarkable burst of structural information on lipid biosynthetic enzymes in the last 

couple of years includes the structure of a CDP-DAG-utilizing enzyme from the Gram-

positive bacterium R. salmoninarum [17]. This enzyme is a phosphatidylinositol-phosphate 

synthase (termed RsPIPS) that uses inositol-P and CDP-DAG as substrates. Its reaction is 

analogous to that of PI synthase (PIS), the eukaryotic enzyme that synthesizes PI from 

inositol and CDP-DAG and not to be confused with the kinase-mediated reactions that 

generate PI monophosphates from PI.

High-resolution structures of apo- and CDP-DAG-bound RsPIPS, in the form of fusion 

proteins, with the fusion partner corresponding to the cytoplasmic domain of AfAPT2 

(equivalent to the IPCT domain of AfAPT1 (Figure 3)) [17], reveal a homodimeric 

architecture. Each monomer comprises six transmembrane α-helices, similar to the 

structures of the DIPPS domain of AfAPT1 [15] and the membrane domain of the CDP-

alcohol-phosphotransferase AfAPT2 [16]. The authors suggest that this architecture is 

conserved for all CDP-alcohol-phosphotransferases that use soluble acceptors such as 

inositol or inositol phosphate, regardless of the CDP-activated donor molecule involved. 

Thus CEPT, CPT and EPT (Figures 1 and 2), all of which use the lipidic acceptor DAG, 

would be expected to have additional transmembrane helices to accommodate the acyl 

chains of the acceptor.

RsPIPS has a hydrophilic cavity that can accommodate inositol-1-phosphate entering from 

the cytoplasmic side. The hydrophilic cavity extends to a hydrophobic cavity that harbors 

CDP-DAG. The hydrophobic cavity is open to the membrane, permitting lateral entry of 
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CDP-DAG reminiscent of the entry of PA into the active site of CDS (Figure 6). This 

membrane-exposed cavity is not present in AfAPT1 (Figure 3) [15] that has only water-

soluble substrates and products, nor does it exist in AfAPT2 (Figure 4) [16], which likewise 

probably only handles water-soluble molecules.

Subcellular location and membrane topology of phosphatidylinositol 

synthesis in two unicellular model eukaryotes

PI is synthesized from myo-inositol and CDP-DAG by PI synthases (equivalent to bacterial 

RsPIPS) belonging to the CDP-alcohol phosphotransferase superfamily. In S. cerevisiae, PI 

synthase (Pis1) activity has been found in the ER [64,80], mitochondria [64] and a sub-

domain of the ER associated with mitochondria (mitochondria–associated membranes, or 

MAMs) [81]. Early subcellular fractionation and reconstitution experiments suggested that 

the active site of Pis1 may face the cytosol [64,82]. Very recently, by introducing cysteine 

residues at various positions in the primary sequence of S. cerevisiae Pis1 and monitoring 

their accessibility to alkylating reagents, the cytosolic location of the active site was 

confirmed [83] (Figure 7). In addition, an active site facing the cytosol is in line with 

modeling studies of Pis1 based on the crystal structures of A. fulgidus CDP-alcohol-

phosphotransferases (see above) [83,84]. In mammalian cells, PI synthase was originally 

found in a mitochondrial fraction from kidney cells [85] and the ER in rat lung pneumocytes 

[86,87]. More recently, in an attempt to determine the subcellular pools of PI and their 

functional significance, tagged forms of PIS and CDS were expressed in HEK and COS-7 

cells [88]. Interestingly, the study revealed a highly mobile compartment of ER origin, 

which could be separated from bulk ER, as the main site of PI synthesis and distribution. 

Although the topology of the active site of mammalian PIS has not been determined, it is 

generally assumed that it faces the cytosol.

In contrast, in protozoan parasites the active site of PI synthase may be localized in the 

lumen of the ER and Golgi. In T. brucei, de novo synthesis of PI is essential for parasite 

growth in culture [89,90]. Interestingly however, inhibition of myo-inositol synthesis by 

conditionally knocking out the rate-limiting enzyme myo-inositol-3-phosphate synthase had 

no effect on cellular PI levels, instead it blocked the synthesis of GPI lipids and protein 

anchors [91]. Subsequent studies revealed that the synthesis of bulk PI is dependent on 

carrier-mediated uptake of myo-inositol from the environment [92,93]. The transporter, T. 
brucei H+-linked myo-inositol transporter (TbHMIT), was found to localize in the plasma 

membrane and the Golgi, indicating that exogenous myo-inositol is transported into the 

lumen of the Golgi for bulk PI synthesis. These results imply that the active site of PI 

synthase faces the luminal side of the Golgi membrane (Figure 7). In addition, they indicate 

that cellular PI is organized in two functionally different pools, one derived from de novo 
synthesized myo-inositol while the other uses exogenous myo-inositol for PI synthesis 

[92,93]. Interestingly, the existence of functionally different pools of PI in trypanosomes had 

been suggested more than 25 years ago. In a cell-free microsomal system capable of 

synthesizing GPI precursor lipids using exogenously added substrates, no incorporation of 

myo-[3H]inositol into GPI was observed, although the membranes were capable of [3H]PI 

synthesis [94]. These results suggested that the PI pool used for GPI synthesis was different 
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from the myo-[3H]inositol-labeled PI pool and led the authors to speculate that PI may be 

synthesized in the lumen of the ER [94]. The recent identification of the T. brucei TbHMIT 

in the Golgi [92,93] may explain these early findings. In addition, the dependence of GPI 

synthesis from de novo synthesized but not imported myo-inositol has recently also been 

observed in Plasmodium parasites [95].

Further evidence that the topology of yeast Pis1 is different from that of its trypanosome 

homolog can be deduced from (early) GPI labeling experiments. Traditionally, exogenous 

myo-[3H]inositol has been an excellent substrate to label GPI-anchored proteins in S. 
cerevisiae [96,97] but a very poor substrate in T. brucei cultures (see e.g. [91], and P. 

Bütikofer, A.K. Menon, unpublished data). In retrospective, these observations can now be 

explained by the sub-cellular localization and topology of PI synthase in these organisms 

(Figure 7): the active site of ER-bound yeast Pis1 faces the cytosol and, thus, can incorporate 

myo-[3H]inositol taken up from the environment as substrate for GPI synthesis in the ER. In 

contrast, T. brucei PI synthase is localized in both the ER and Golgi [83], with the active site 

facing the lumen. The ER enzyme provides PI for GPI synthesis, using de novo synthesized 

myo-inositol, whereas the Golgi enzyme uses exogenous myo-[3H]inositol for bulk PI, but 

not GPI, synthesis after its TbHMIT-mediated transport into the lumen of the Golgi. 

Interestingly, the Golgi localization of a mammalian HMIT in rat primary cultured neurons 

[98] suggests that luminally-oriented PI synthesis in the Golgi may not be unique to 

protozoa but also be present in higher eukaryotes.

Conclusion

What have we learned about early events of lipid topogenesis since the publication of the 

article by Bell et al. in 1981? The principle advances have been very recent. The molecular 

identities of phospholipid scramblases that operate in non-biogenic membranes such as the 

plasma membrane and disc membranes of photoreceptor cells were revealed in reports 

published during 2010–2013, and the first crystal structures of lipid biosynthetic enzymes 

were reported in 2014–2015. These advances provide new opportunities even as many 

questions remain. Discovering the identity of the ER phospholipid scramblase continues to 

be a challenge for future work. While structure-function information on the newly identified 

TMEM16 and GPCR scramblases will inevitably impact the search for the ER scramblase, it 

is worth considering whether these proteins, especially GPCRs, provide the ER with 

sufficient scramblase activity when they are integrated into the ER membrane prior to export 

to their final destination?

The new crystal structures of the CDP-alcohol phosphotransferases provide an obvious 

starting point to explore mechanistic questions about lipid biosynthesis. For example, how 

do lipid biosynthetic enzymes handle both lipid and water-soluble substrates? What are the 

routes for substrate entry and product exit? Other questions pertain to the site and topology 

of phospholipid synthesis. For example, while the standard topological model of 

phospholipid synthesis (Figure 2) is generally correct, the discovery that PI synthesis can 

occur in more than one subcellular compartment and with either luminal or cytoplasmic 

topology to generate distinct pools of PI reveals an unexpected complexity that needs to be 

further explored. How are these distinct pools of PI homeostatically controlled? How are 
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they fed into pathways that generate PI-derived signaling molecules? Similarly, in most 

eukaryotes, PC and PE are synthesized in bulk by CEPT, CPT and EPT enzymes, but 

detailed information on their precise sub-cellular localization, and thus the site(s) of PC and 

PE synthesis, is scarce. While in yeast and mammalian cells CPT has been identified in the 

Golgi [25,103], mammalian and parasite EPT and CEPT enzymes have been reported in the 

ER/microsomal fractions [25,104–107]. Very recently, EPT in T. brucei was shown to 

localize exclusively to the perinuclear ER, whereas CEPT was distributed throughout the 

bulk ER [108]. Together these results indicate that the sites of PC and PE synthesis in 

eukaryotes may localize to different (sub-) compartments. In addition, since trypanosome 

EPT uses alkylacyl-glycerol, which is made in glycosomes, for ether-type PE formation, this 

raises the interesting question how the substrate is trafficked to the perinuclear ER.
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GPCR G protein-coupled receptor
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PIPS phosphatidylinositol-phosphate synthase
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Highlights

• Early events of lipid topogenesis: synthesis, integration and translocation.

• Scramblases are required for distribution of lipids to both faces of the ER 

membrane.

• Crystal structures of lipid biosynthetic enzymes.

• ER and mitochondria have distinct CDS enzymes for cytoplasmic synthesis 

of CDP-DAG.

• Topology of PI synthesis differs between S. cerevisiae and T. brucei.
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Figure 1. The Kennedy pathway of glycerophospholipid synthesis
Phosphatidic acid is synthesized in multiple steps from glycerol-3-phosphate (obtained from 

glycolysis or the phosphorylation of glycerol) and fatty acyl-CoA. It is the precursor of 

diacylglycerol and the liponucleotide CDP-diacylglycerol, both of which are used for 

phospholipid biosynthesis. Phospholipids are synthesized by pathways that use a CDP-

alcohol as an activated precursor. The activated lipid tail CDP-diacylglycerol is used, for 

example, in the synthesis of phosphatidylinositol (PI) in eukaryotes and PI-phosphates in 

prokaryotes. Alternatively, a water-soluble CDP-alcohol, e.g. CDP-choline or CDP-

ethanolamine, is combined with diacylglycerol to generate phosphatidylcholine (PC) or 

phosphatidylethanolamine (PE). Diacylglycerol is also used for the synthesis of the neutral 

lipid triacylglycerol. CDS, cytidine-diphosphate diacylglycerol synthase; CPT, 

cholinephosphotransferase; CEPT, choline/ethanolamine phosphotransferase; DGAT, 

diacylglycerol acyltransferase; EPT, ethanolamine phosphotransferase; PIS, 

phosphatidylinositol synthase.
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Figure 2. Asymmetric synthesis and transbilayer scrambling of phosphatidylcholine in the ER
A, Predicted membrane topology of human CEPT1 [25]. Regions of CEPT necessary for 

binding diacylglycerol (DAG) are shown in pink, and the amino acid stretch needed for 

CDP-alcohol binding and enzymatic activity is shown in light blue [25]. The light blue 

region also contains the consensus motif D(x)2DG(x)2AR(x)7–12G(x)3D(x)3D for this class 

of enzymes [15]. The ER membrane bilayer is shown as a green slab. B, 

Phosphatidylcholine (PC) synthesis and ER bilayer assembly (adapted from [26]). CEPT 

uses DAG and CDP-choline to form PC on the cytoplasmic leaflet of the ER membrane. A 

scramblase is needed to equilibrate newly synthesized PC between the two leaflets of the 

membrane bilayer.
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Figure 3. Structure of the AfAPT1 CDP-alcohol phosphotransferase
A, Three-dimensional structure of the AfAPT homodimer. Each monomer consists of a L-

myo-inositol-1-phosphate cytidylyltransferase (IPCT) domain linked to a di-myo-

inositol-1,3′-phosphate-1′-phosphate synthase (DIPPS) domain. The borders of the 

membrane bilayer are indicated as red lines. B, Cartoon representation of AfAPT1 showing 

the homodimeric protein in a membrane bilayer (phospholipids are in red). The IPCT 

domain in each monomer is linked via a connector helix to the transmembrane CDP-alcohol 

phosphotransferase domain (DIPPS). Interactions between the DIPPS domains within the 

membrane mediate dimer formation. The binding pockets for CDP-inositol and Inositol-1-

phosphate in the DIPPS domain are indicated. These pockets correspond to invaginations 

into the protein from the cytoplasmic side and are visualized here in a cut-away view. Black 

dot represents bound Mg2+.
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Figure 4. Ligand-bound forms of AfAPT2
Left and right panels depict the CDP- and CMP-bound forms of AfAPT2 with respect to the 

conserved consensus motif formed by residues of transmembrane domains 2 and 3. 

Aspartate (D), glycine (G), alanine (A) and arginine (R) residues forming the 

D(x)2DG(x)2AR(x)7–12G(x)3D(x)3D motif are shown in magenta, yellow, black and sienna 

sticks, respectively. The protein structure is shown as gray ribbon with the surface colored 

according to the hydrophobic scale. Ca2+ ions are shown as green spheres.
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Figure 5. CDP-DAG synthase
Schematic representation of CDP-diacylglycerol synthase (CDS) based on the crystal 

structure [14]. The protein is situated in a membrane bilayer (phospholipids shown in red). 

A, The hydrophilic ligand, CTP, binds to the hydrophilic pocket shown in light yellow, 

whereas the lipid substrate, PA (shown in green), enters the laterally open hydrophobic 

cavity (light green) from the membrane itself. Entry could be from either the inner 

(cytoplasmic) or outer leaflet – both options are shown. The lipid product CDP-DAG is then 

released into the cytoplasmic leaflet. The black and purple dots represent Mg2+ and K+, 

respectively. B, Crystal structure of CDS showing the Mg2+/K+ di-metal center and the 

hydrophobic cavity for PA. C, Side view of CDS showing PA- and CTP-binding sites. The 

second unit of the dimer is made translucent for clarity.
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Figure 6. Two states of PIP-synthase, a CDP-alcohol phosphotransferase
Apo- (A) and ligand-bound (B) forms of RsPIPS are depicted in surface representations (the 

cytoplasmic domain used for crystallization is excluded for clarity). The surface is color 

coded to reflect hydrophobicity (blue, hydrophilic and orange, hydrophobic). Mg2+ is shown 

as a black dot and the ligand (panel B) is shown in stick representation. The empty 

hydrophobic pocket (panel A) is highlighted by an irregular green shape.
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Figure 7. PI synthesis in two unicellular model eukaryotes
A, The orientation of the active site of PI synthase differs between yeast and trypanosomes. 

In S. cerevisiae, the catalytic domain is oriented towards the cytosol while it faces the lumen 

of the ER/Golgi in T. brucei. B, Schematic representation of the subcellular distribution of 

PI and GPI synthesis in the respective eukaryotes. PI is synthesized from CDP-DAG and 

myo-inositol. The latter can be obtained via de novo synthesis starting from glucose-6-

phosphate in a conserved two-step reaction sequence catalyzed by 1-D-myo-inositol-3-

phosphate synthase and myo-inositol-monophosphatase [99]. Alternatively, or in addition, 

myo-inositol can be taken up from the environment via sodium- or proton-linked myo-

inositol symporters (in blue) [100–102]. Putative PI scramblases are in orange, a putative 

inositol-3-phosphate transporter is in red. glc-6-p, glucose-6-phosphate; GlcN, glucosamine; 

GlcNAc, N-acetylglucosamine; GPI, glycosylphosphatidylinositol; ins, myo-inositol; ins-3-

p, inositol-3-phosphate; IPC, inositol phosphorylceramide; PI, phosphatidylinositol; ScAur1, 

S. cerevisiae inositol phosphorylceramide synthase; ScPis1, S. cerevisiae 

phosphatidylinositol synthase; ScInm1/2, S. cerevisiae inositol monophosphatase1/2; 

ScIno1, S. cerevisiae inositol-3-phosphate synthase; TbHMIT, T. brucei H+-linked myo-

inositol transporter; TbPIS, T. brucei phosphatidylinositol synthase; TbINO1, T. brucei 
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inositol monophosphatase; TbSLS1, T. brucei sphingolipid synthase 1; TbIMPase, T. brucei 

inositol monophosphatase.
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