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Abstract

Phospholipase C (PLC)-mediated hydrolysis of the limited pool of plasma membrane (PM) 

phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2] requires replenishment from a larger pool of 

phosphatidylinositol (PtdIns) via sequential phosphorylation by PI 4-kinases and PIP 5-kinases. 

Since PtdIns is synthesized in the ER and PtdIns(4,5)P2 is generated in the PM, it has been 

postulated that PtdIns transfer proteins (PITPs) provide the means for this lipid transfer function. 

Recent studies identified the large PITP protein, Nir2 as important for PtdIns transfer from the ER 

to the PM. It was also found that, Nir2 was also required for the transfer of phosphatidic acid 

(PtdOH) from the PM to the ER. In Nir2-depleted cells, activation of PLC leads to PtdOH 

accumulation in the PM and PtdIns synthesis becomes severely impaired. In quiescent cells Nir2 is 

localized to the ER via interaction of its FFAT domain with ER-bound VAP-A and –B proteins. 

After PLC activation, Nir2 also binds to the PM via interaction of its C-terminal domains with 

diacylglycerol and PtdOH. Through these interactions, Nir2 functions in ER-PM contact zones. 

Mutations in VAP-B that have been identified in familial forms of amyotrophic lateral sclerosis 

(ALS or Lou-Gehrig’s disease) cause aggregation of the VAP-B protein, which then impairs its 

binding to several proteins, including Nir2. These findings have shed new lights on the importance 

of non-vesicular lipid transfer of PtdIns and PtdOH in ER-PM contact zones with a possible link to 

a devastating human disease.
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Lipid transport between various membrane compartments is essential for the maintenance of 

the unique lipid composition of biological membranes. Lipids can rapidly diffuse from one 

membrane to another during membrane fusion, but there are other mechanisms that support 

non-vesicular transfer of lipids between membranes [1]. It is increasingly recognized that 
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such transfer processes take place in dynamic contact sites where two membranes belonging 

to different organelles are found in close proximity [2–5]. Since most lipids are synthesized 

in the ER, these transport processes are very important to distribute the lipids to other 

membranes where their functions are critical. In fact, it has been shown for several lipid 

classes that synthesis and transport are tightly coupled at membrane contact sites. [2].

A special case of example is the transport of phosphatidylinositol (PtdIns) between various 

membranes. It has been described long time ago that a protein, called Sec14 in yeast is 

essential for secretory transport out of the Golgi [6] and that Sec14 is a phosphatidylcholine 

(PtdCho)-PtdIns transfer protein [7]. In mammalian systems proteins capable of binding 

PtdIns and transfer the lipid between artificial membranes have been found [8, 9] and it was 

shown that these proteins are required for sustained PLC activity [10] and for priming of 

exocytic vesicles [11]. Although these features of the so- called classical (or Class I) PITPs 

(see Fig. 1A) made them prime candidates for functioning as proteins supplying the plasma 

membrane (PM) with PtdIns, this has never been formally proven in intact cell systems. In 

fact, it has been proposed that Sec14 and Class I PITPs are not simple lipid transfer proteins 

but their functions are dedicated to specific signaling processes [12], and that they can 

present lipids to PI kinases [13, 14].

Another protein possessing a PITP domain was discovered in Drosophila when the rdgB 
mutation was mapped to a gene encoding a larger protein possessing an N-terminal PITP 

domain [15, 16]. RdgB mutant flies develop light-induced retinal degeneration and given the 

importance of PLC activation in invertebrate phototransduction, RDGB was assumed to be 

important for the transfer of PtdIns to the photoreceptor membrane to maintain 

PtdIns(4,5)P2 levels [17]. Mammalian homologues of RDGB, named PITPnm have been 

cloned [18] and they were also found as interacting partners of the Pyk2 tyrosine kinase and 

named Nir1, −2 and −3 [19]. Nir2 and Nir3 but not Nir1 contains a PITP domain and now 

they are called Class II PITPs (Fig. 1A). Subsequent studies found Nir2 critical for Golgi 

function by maintaining DAG levels [20] and PtdIns4P synthesis [21], but it was also found 

to support cytokinesis [22]. It is not clear at present how these functions of Nir2 relate to the 

role of the same protein at the ER- PM contact sites (see below). Nir3 knockout mice show 

no obvious phenotype but Nir2 knockout mice die at early embryonic age [23].

Several recent studies have shown that Nir2 assumes an important function as a PtdIns 

transfer protein in mammalian cells. First, it was shown that Nir2-depletion negatively 

impacts PM PtdIns(4,5)P2 levels and PtdIns(3,4,5)P3-dependent signaling from growth 

factor receptors [24]. Nir2 was also shown to be recruited to ER-PM contact sites after 

stimulation and was necessary for the maintenance of PtdIns(4,5)P2 levels during signaling 

from Gq-coupled receptors [25, 26]}. These results were consistent with a role of Nir2 as a 

PITP functioning between the ER and the PM. However, there were signs already that Nir2 

might do more than plainly deliver PtdIns to the PM. First, rdgB mutant flies can be rescued 

by the PITP domain of RDGB but not by PITPα or by a chimera in which PITPα was used 

in place of the RDGB PITP domain [27]. More recently, the small RDGBβ protein, which is 

a simple PITP domain more homologous to the PITP domain of Class II than to the Class I 

PITPs (Fig. 1A), was shown to bind and transfer PtdOH in addition to PtdIns [28]. Similar 

PtdOH binding properties for the PITP domains of fly RDGB and human Nir2 were 
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presented in the same study [28]. Nir2 was also shown to bind PtdOH and be recruited to the 

PM via its C-terminal LNS2 domain [29]. Finally, our recent studies using intact cells have 

demonstrated that Nir2 functions as a PtdOH transfer protein that transfers PtdOH from the 

PM during PLC activation. We showed that PtdIns synthesis is greatly impaired in Nir2 

depleted cells when stimulated by Gq-coupled receptors because of defective recycling of 

PtdOH from the PM [26]. Our studies also found that it is the PITP domain that is required 

for both PtdIns and PtdOH transfer while the C-terminal part anchors the protein to the PM 

when DAG and PtdOH are formed [26]. These studies established Nir2 as an important 

component of the phosphoinositide cycle that delivers PtdIns to the PM and at the same time 

it transports PtdOH in the other direction. This exchange occurs in ER-PM contact sites and 

used primarily when PLC activity is consuming PtdIns(4,5)P2 at high rate producing PtdOH 

that has to be recycled to support this lipid cycle (Fig. 1B). This situation of high volume 

lipid cycling occurs in the fly eye during phototransduction and that is why RDGB is so 

important in this location. To underline this point, a most recent study has demonstrated that 

RDGB is not a simple PtdIns transfer protein but it also transfers PtdOH from the 

photoreceptor membranes to the subrhabdomeric cisternae. This latter study also found that 

the PtdIns and PtdOH transfer function both reside within the PITP domain [30]. This study 

on RDGB together with our findings on Nir2 demonstrates that this lipid exchange function 

is conserved during evolution.

Most likely, Nir2 is not the only PtdOH transfer protein in a cell. Its sister protein, Nir3 has 

been shown to work similarly to Nir2 in the context of PtdIns transfer (although its PtdOH 

transfer function has not yet been investigated) with a different threshold. Nir3 is already 

found in ER-PM junctions at lower level of PLC activation [31]. A PtdOH transfer protein 

has also been identified within the mitochondria, which transfers PtdOH between the outer 

and inner mitochondrial membrane [32–35]. It is conceivable that PtdOH transfer proteins 

are dedicated to specific metabolic pathways in a way it has been suggested for PITP 

proteins [36].

It is important to emphasize that Nir2 works in contact sites between the ER and the PM. As 

pointed out above, such contacts are also important for the transfer of other lipids between 

the ER and the PM, the latest example being PS [37, 38]. For Nir2, as for several other lipid 

transfer proteins, the ER anchors are the VAP-A and VAP-B proteins [39]. Several lipid 

transfer proteins can bind to VAPs via their short conserved sequences, called FFAT (double 

phenylalanine in an acidic stretch) motifs [40]. Mutations in the VAP-B protein have been 

identified in amyotrophic lateral sclerosis (ALS or Lou Gehrig Disease) patients [41–43]. 

Two of these mutations (T46I, P56S) affect the MSP domain that binds FFAT motifs. 

Although VAP-B interacts with a number of proteins through its various domains [44] it was 

of interest to us how the patient mutations affect its interaction with the Nir2 protein. We 

generated both the T46I and P56S mutant forms of VAP-B fused to green fluorescent protein 

(GFP) and co-expressed them with mCherry-Nir2. We found that the P56S mutation caused 

a major problem with the distribution of the protein: the normal ER tubular distribution was 

replaced with patchy distribution mostly located on the nuclear envelope (Fig. 1D). 

Importantly, while the wild-type VAP-B has attracted the mCherry-Nir2 causing the two 

proteins to co-localize in the tubular ER (Fig. 1C), the P56S mutant VAP-B failed to recruit 

the Nir2, which was found in the cytosol (Fig. 1D). In contrast, the T46I mutation had a 
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much milder effect: this mutant already showed the patchy nuclear envelope enrichment, but 

it was still localized to the tubular ER and had Nir2 associated with it. Moreover, PLC 

activation still caused the clustering of both proteins into puncta formed in ER-PM contacts 

(Fig. 2E). We also found that immunoprecipitates of VAP-B P56S did not contain mCherry 

Nir2 whereas wild-type VAP-B showed clear association (not shown). This was in good 

agreement with the study that described the same difference in the cellular distribution of the 

two mutant VAP-Bs shown here in Fig. 2D, E [43] and a similar failure of the P56S mutant 

to attract an expressed OSBP protein [44]. The conclusion of the latter study was that 

proteins that use FFAT domains to interact with VAP-B would not bind to the aggregation-

prone P56S mutant, while other interacting proteins may be co-aggregated with the mutant 

VAP-B protein. Which of the multiple defects are most important for the development of the 

ALS pathology remains to be seen.

In summary, recent developments in the field of non-vesicular lipid transfer highlighted the 

importance of these processes in establishing and maintaining the unique lipid composition 

of membranes. Identification of the Nir2 (and possibly the Nir3) protein as PtdIns and 

PtdOH transfer devices in ER-PM contact zones solved a long-standing puzzle of how 

various steps in the “PI cycle” are organized between the ER and the PM. More research is 

under way to find the link between these processes and various neurodegenerative diseases.
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Figure 1. 
(A) Classification of PITPs. Class I PITPs comprise of PITPα and PITPβ, the latter having 

two splice variants. The Class IIA PITPs, Nir2 and Nir3 are homologues of the Drosophila 
RDGB protein (also called PITPnm1 and −2). These are larger proteins having additional 

domains, such as the FFAT motif (double phenylalanine in an acidic stretch), the DDHD 

domain and the LNS2 domain, the latter also present in lipins and binds PtdOH. Class IIB 

PITP is more homologous to the PITP domain of Nir2/3 than to the Class I group. (B) The 

proposed model of Nir2 action during PLC activation. Nir2 is recruited to the PM via its 
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LNS2 domain (with the help of a short sequence preceding the LNS2 domain reminiscent of 

DAG binding sequences) and anchored to the ER via interaction via its FFAT domain with 

VAP proteins. Nir2 then transfers PtdIns from the ER to the PM and PtdOH in the other 

direction. (C) Cellular localization of Nir2 and VAP-B in resting HEK293 cells. Note the co-

localization of the two proteins in the tubular ER. (D) Localization of the mutant VAP-B-

P56S and Nir2 in quiescent HEK293 cells. Note the mutant VAP-B aggregates at the nuclear 

envelope and the lack of recruitment of Nir2 to the mutant VAP-B protein. (E) Localization 

of the mutant VAP-B-T46I and Nir2 in quiescent (left) or Angiotensin II-stimulated (right) 

HEK293 cells. Note that this mutant still attracts Nir2 to the ER even though it also shows a 

tendency to aggregate. After stimulation, the two proteins shows small clusters that 

correspond to ER-PM contact sites. The T46I mutation of the VAP-B is less disruptive than 

the P56S.
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