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Introduction 

Physiological cellular events, such as growth, cytoskeletal reorganization, membrane 

trafficking, are mediated by numerous signaling molecules, of which subcellular localizations 

are regulated strictly. Recruitment of proteins to appropriate sites at correct timings is 
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mediated by a number of protein modules whose functions are the interaction with membrane 

phospholipids (DiNitto et al., 2003). Following the discovery of phosphoinositides as ligands 

for pleckstrin homology (PH) domains (Harlan et al., 1994; Yagisawa et al., 1994; Garcia et 

al., 1995; Lemmon et al., 1995; Kanematsu et al., 1996; Takeuchi et al., 1997), numbers of 

protein domains that mediate protein-lipid interaction have been discovered, including the 

epsin N-terminal homologue (ENTH), FYVE (Fab1p/YOTP/Vac1p/EEA1) and phox 

homology (PX) domains (DiNitto et al., 2003). The PX domain is a protein module consisting 

of approximately 130 amino acids with three -strands followed by three -helices forming a 

helical subdomain, and is found in more than 50 human proteins related to membrane traffic 

and intracellular signaling (Ellson et al., 2002). Most of the PX domains examined to date 

specifically recognize phosphatidylinositol 3-phosphate [PI(3)P], which is predominantly 

found in early endosomes, yet there are some PX domains with binding specificities to 

different phospholipids (Ellson et al., 2002). Out of the PX domains showing a preference for 

phospholipids other than PI(3)P, the PX domain of p47phox (p47phox PX) was found to have 

dual specificity to the phospholipids (Karathanassis et al., 2002; Yaffe, 2002), i.e., there are 

two distinct pockets on the membrane-binding surface; one prefers PI(3,4)P2 and the other 

binds anionic phospholipids such as phosphatidic acid (PA). A series of in vitro experiments 

showed that simultaneous occupancy of the second pocket by anionic phospholipids may 

synergistically increases affinity of the PX domain to the membrane containing the 

phosphoinositide specific for the main pocket (Karathanassis et al., 2002; Stahelin et al., 

2003). However, the contribution of the second pocket to spatiotemporal regulation of the PX 

domain in cells has not been directly investigated in detail. 

PA, a membrane phospholipid, is proposed to have intracellular messenger 

functions to activate a number of physiological events, including secretion, neutrophil 

superoxide generation, cytoskeletal reorganization and cell growth (English et al., 1996; 

Ktistakis et al., 2003), but in most cases the defined molecular targets remain to be identified. 

Three enzymes, phospholipase D (PLD), diacylglycerol kinase (DGK), and lysophosphatidic 
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acid acyltransferase (LPAAT), are known to produce PA by hydrolyzing phosphatidylcholine 

(PC), phosphorylating diacylglycerol (DAG), and adding an acyl chain to lysophosphatidic 

acid (LPA), respectively. As the amount of PA produced by each enzyme compared to overall 

PA mass in cells is very little, the enzymes might contribute to cellular signaling by regulating 

only the localized levels of PA. Although the collection remains small so far, a growing 

number of putative downstream targets of PA which interact directly with PA have been 

reported, including the cyclic AMP-specific phosphodiesterase PDE4D3 (Grange et al., 2000), 

Raf-1 (Ghosh et al., 1996; Rizzo et al., 2000), the mammalian target of rapamycin (mTOR) 

(Fang et al., 2001), the catalytic subunit of protein phosphatase 1 (Jones and Hannun, 2002; 

Jones et al., 2005) and Son of sevenless (Zhao et al., 2007). However, a PA-binding module 

has not yet been reported to date, in contrast to other lipid binding modules such as PH or 

FYVE domains for PI(4,5)P2 or PI(3)P, respectively. 

In the course of examining the specificity of phospholipid-binding of multiple PX 

domains, we found that the PX domains from two proteins, RPK118 and KIF16B, showed 

dual specificity to PI(3)P and PA. In the present study, we investigated the role of binding of 

the PX domains to two different phospholipids, with special reference to the function of these 

modules as downstream targets of PA. 

 

Materials and Methods 

 

Materials 

 

Phosphoinositides were obtained from Cell Signals (Lexington, KY) or Echelon 

Biosciences (Salt Lake City, UT) and other phospholipids were from Avanti Polar Lipids 

(Alabaster, AL). DGK from Escherichia coli and PLD from Streptomyces chromofuscus were 

purchased from Sigma-Aldrich (St Louis, MO), and phosphatidylinositol-specific PLC from 

Bacillus cereus were from BIOMOL (Enzo Life Science, Farmingdale, NY). Antibodies used 
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in this study were as follows: anti-HA antibody (HA11; Babco, Richmond, CA), anti-EEA1 

(early endosomal antigen1, BD Biosciences, San Jose, CA) and Cy3-anti-mouse antibody 

(Jackson Immuno Research Laboratories, West Grove, PA). Wortmannin and phorbol 

12-myristate 13-acetate (PMA) were from Sigma-Aldrich. 

 

Cell culture, immunofluorescence and live-cell imaging 

 

MDCK and COS-7 cells were obtained from the American Tissue Culture 

Collection (ATCC) and maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10 % fetal bovine serum. Transient transfection experiments were carried 

out with lipofectamine PLUS reagents (Invitrogen, Carlsbad, CA) according to the 

manufacturer’s instructions. The procedures for immunofluorescence and live-cell imaging 

were described previously (Takeuchi et al., 2010). 

 

Protein-lipid overlay assays  

 

A protein-lipid overlay assay was performed using GST-fusion proteins exactly as 

described previously (Kanai et al., 2001). GST-tagged recombinant proteins were expressed 

using a bacterial expression system, and purified with glutathione-Sepharose 4B (GE 

Healthcare, Buckinghamshire, England) as described by the manufacturer. To examine the 

binding of the PX domains to enzymatically produced PA from different sources, lipid-blotted 

membranes were first prepared and incubated in 3 % non-fat bovine serum albumin, and then 

treated with either PLD or DGK as follows before incubating with GST-PX proteins. For 

DGK treatment, the membrane was incubated in DGK buffer (50 mM Tris-HCl at pH 7.5, 100 

mM NaCl, 20 mM NaF, 1 mM EDTA, 10 mM MgCl2, 1 mM DTT, 0.1 % non-fat bovine 

serum albumin, 1 mM ATP) with or without 20 g/ml DGK at 37 ºC for 5 hours with gentle 

shaking. For PLD treatment, the membrane was incubated in PLD buffer (20 mM 
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HEPES-NaOH at pH 7.2, 100 mM KCl, 4 mM NaCl, 5 mM MgCl2, 1 mM CaCl2, 1 % non-fat 

bovine serum albumin) with 200 U/ml PLD or PLC at 37 ºC for 3 hours with gentle shaking. 

 

Preparation of expression constructs and site-directed mutagenesis of the PX domains 

 

       All expression constructs for the PX domains were generated by polymerase chain 

reaction using human brain cDNAs as the template and the primers with the appropriate 

restriction enzymatic sites, followed by subcloning into corresponding vectors, i.e., 

pGEX-4T-3 (GE Healthcare) and pEGFP-N1 (Clontech Laboratories, Mountain View, CA). 

Mutants carrying one or two substitutions of amino acid residues were produced using 

QuikChange site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA). All 

constructs were fully sequenced to verify their integrity at Beth Israel Deaconess Medical 

Center DNA Sequencing Core Facility. More details of all constructs are available on request. 

 

Results and Discussion 

 

PX domain whose binding specificity is to phosphatidic acid 

 

 In the present study, we examined the binding specificity to phosphoinositides using 

multiple samples of PX domains, since the domain was first identified as that of PI(3)P 

binding and thus it is now widely accepted that the protein bearing the domain exhibits 

subcellular localization at early endosomes (EE) due to binding specificity to PI(3)P. However, 

it is still unclear whether all PX domains show specificity to PI(3)P, and whether only the 

binding to PI(3)P is responsible for the subcellular localization. We first discussed with the 

database [SMART (Simple Modular Architecture Research Tool)] of PX domains that 

contains more than 50 proteins; we selected 10 PX domains randomly out of the proteins 

listed in the database and constructed the genes in conjugation with that of GST to express in 
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a bacterial expression system. Purified protein samples were assayed by the protein-lipid 

overlay assay. The membrane sheets were dotted with a variety of phosphoinositides and 

anionic phospholipids, phosphatidylserine (PS) and PA at serially diluted concentrations. The 

PX domains of RPK118 and KIF16B, out of the PX domain examined, showed different 

binding patterns. As shown in Figure 1, the two proteins exhibited broad specificity, but with 

relative specificity to PA as well as PI(3)P, showing a clear contrast to SNX19 with definite 

specificity to PI(3)P. To examine the specific binding to PA further, membrane sheets dotted 

with phosphatidylcholine (PC) were incubated with PLD to produce PA on the sheet. As 

shown in Figure 2A, the PX domains of RPK118 and KIF16B showed binding to the spot 

where PC was first dotted, followed by treatment with PLD, but not with PLC. No binding to 

diacylglycerol (DAG) and lysophosphatidic acid (LPA) was observed. We next examined this 

further from a different direction; DAG dotted on the sheet was incubated with DGK in the 

presence of MgATP, where PA must be yielded. The PX domains of RPK118 and KIF16B 

showed binding to the spot on the sheet (Figure 2B), supporting the notion that the PX 

domains from RPK118 and KIF16B are capable of binding to PA as well as PI(3)P.  

 

Subcellular localization of the PX domains of RPK118 and KIF16B 

 

 Subcellular localization of the PX domains of RPK118 and KIF16B was observed 

using MDCK cells following transfection with each gene conjugated with EGFP to monitor 

under a fluorescent microscope. Both proteins exhibited a dotted appearance near the nucleus, 

coinciding with EEA1, a marker of early endosomes (Figure 3), indicating that the PX 

domains whose phosphoinositide binding are specific to PA and PI(3)P also localize at early 

endosomes. 

 Importance of the binding to PA was examined in cells treated with wortmannin, 

causing down-regulation of the cellular PI3K cycle to reduce the subcellular amount of PI(3)P 

(Volinia et al., 1995; Wurmser et al., 1999). As shown in Figure 4, wortmannin treatment 
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markedly reduced the EGFP-positive dotted structures near the nucleus in cells expressing the 

PX domain of SNX19, which binds very strictly to PI(3)P. The PX domains from RPK118 

and KIF16B showed slightly reduced dots by wortmannin treatment, but still the dots 

remained, indicating that the binding to PA promotes localization at endosomal membranes, 

along with that to PI(3)P. 

 

Sequence alignment of the PX domain and the amino acid residues responsible for the binding 

 

 Figure 5 shows amino acid alignments of several PX domains including RPK118 and 

KIF16B. 3D structural analysis of p40phox revealed the region responsible for the binding and 

the important several basic amino acids which accommodate the phosphate moiety of PI(3)P 

by forming salt-bridge (Bravo et al., 2001). The mutation of the corresponding arginine (R) at 

53 and 1220 in RKP118 and KIF16B, respectively, to glutamine (Q) almost abolished the 

dotted structures, as shown in Figure 6.  

We further examined the effects of mutations at other amino acid residues on lipid 

binding and subcellular localization using the PX domain of RPK118 (Figure 7). The 

mutation of R53Q reduced the binding ability to PI(3)P, but that to PA did not appear to be 

reduced. A similar pattern of binding reduction to PI(3)P was observed with the mutation of 

tyrosine at 54 to alanine (Y54A). Neither mutation caused specific localization at the 

endosomal structures as multiple dots; however, the mutation of K52Q did not reduce lipid 

binding or diminishment of the dotted structures. These results suggest that the binding to 

PI(3)P of the PX domain from RPK118 is primarily important for localization at endosomal 

structures.  

Next, the effect of mutations at basic amino acids in the region which forms a 

putative second pocket probably accommodating PA was examined. Only the double 

mutations at K58Q/K59Q showed a marked reduction in PA binding, showing no dotted 

structures, indicating that PA binding is also involved in localization at endosomal structures. 
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Effect of PLD activation on subcellular localization of the mutant PX domain of RPK118 

 

To further investigate the contribution of PA binding in determining the subcellular 

localization of the PX domain, we monitored COS7 cells expressing an EGFP-fused Y54A 

mutant of the PX domain from RPK118 (RPKPX Y54A), whose binding to PI(3)P was 

markedly reduced while that to PA remained intact (see Figure 7). Diffuse localization 

throughout the cytoplasm in cells was observed (Figure 8A; none). The cells were first treated 

with PMA (100 nM) for 10 min and were expecting to stimulate PLD to increase PA in the 

cells. PMA treatment caused translocation of RPKPX-Y54A-EGFP to form the dotted 

structures (Figure 8A). This endosomal localization of RPKPX-Y54A was quickly reduced by 

the following treatment with wortmannin (Figure 8A). Although wortmannin is known to 

inhibit ligand-induced PLD activation in the cell, it has been reported that PMA-induced PLD 

activation was not inhibited by wortmannin (Reinhold et al., 1990; Nakamura et al., 1997), 

suggesting that the reduced localization of the RPKPX mutant to the dotted structure by 

wortmannin is probably due to the inhibition of PI3K and subsequent reduction of PI(3)P. As 

shown in Figure 8B, the dotted structure of RPKPX-Y54A mutant was co-localized with an 

EEA1-positive structure, thus RPKPX-Y54A translocated to the site where wild-type RPKPX 

localized in the resting cells (see also Figure 3). As shown in Figure 8C, RPKPX-Y54A was 

co-localized with exogenously expressed HA-PLD1b on endosomal structures in 

PMA-treated cells, supporting the notion that the translocation of the mutant to 

EEA1-positive structures was attributed to PA production on endosomal membranes by PLD. 

The localization of HA-PLD1b at the Golgi-like structure was consistent with the previous 

report (Baillie et al., 2002), although PDE4A1 was co-localized with HA-PLD1b not only on 

the endosomal membrane but also at the Golgi-like structure (Baillie et al., 2002). These data 

suggested that PI(3)P binding is primarily required for endosomal localization of the 

RPKPX-Y54A mutant, while binding to PA produced by the activation of PLD or DGK 
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promotes the subcellular localization. 

The role of the two pockets on the surface of the PX domain for recognizing different 

phospholipids would increase the binding affinity and specificity to the site where the parental 

molecule localizes in the cell. The reason for having two pockets in one module would be 

similar to the reason for having multiple modules in one molecule, i.e. multiple modules with 

different binding partners synergistically function to decide subcellular localization of the 

parental protein, for example, the FYVE and the second coiled-coil domains for early 

endosomal localization of Hrs (Raiborg et al., 2001), and the PX and BAR 

(Bin/Amphiphysin/Rvs) domains for endosomal localization of sorting nexin-1 (Carlton et al., 

2004). Indeed, the PX domains from p47phox and PLD1, both of which share two basic pockets 

for phosphoinositide and anionic phospholipid, showed much higher binding affinity to 

liposomes containing the both phospholipids compared to liposomes containing only a single 

phospholipid. In agreement with this, the endosomal localization of RPK118 and KIF16B was 

not sensitive to wortmannin treatment with which the localization of the PI(3)P-specific PX 

domain was abrogated (Figure 4). However, there would be an additional role of the dual 

specificity of the PX domains other than increasing the binding affinity to the site, i.e. the PX 

domains with two different partners can be regulated its spatiotemporal localization by 

converging two distinct lipid-mediated signaling pathways like a molecule containing two 

independent modules. The PX domains of RPK118 and KIF16B localized to endosomal 

membrane where the localizations of both class III PI3K and PLD1 have been shown (Colley 

et al., 1997; Wurmser et al., 1999; Tuma et al., 2001; Du et al., 2003), suggesting that the 

localization of those PX domains was controlled by those enzymes whose activities are 

regulated independently. Disruption of binding to either PI(3)P or PA without affecting 

binding to the other by substitution of single amino acid (Figure 7) indicated that the affinities 

of the PX domains to a single lipid, PI(3)P or PA, were not enough to maintain localization, 

but affinities to both lipids are needed. Thus, the levels of both phospholipids must elevate at 

the same site and timing. In other words, the PX domains of RPK118 and KIF16B could also 
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translocate to the plasma membrane if the levels of both PI(3)P and PA increased at the 

plasma membrane, e.g. elevation of PI(3)P at the plasma membrane after cellular stimulation 

by LPA has been reported (Maffucci et al., 2005). 

Finally, the finding that the PX domains of RPK118 and KIF16B have a second 

pocket for accommodating PA, together with previous reports about the existence of a 

secondary binding site for PA on the PX domains of p47phox and PLD (Karathanassis et al., 

2002; Stahelin et al., 2004), would make a subgroup of PX domains the first candidate for a 

‘universal’ PA binding module, which functions as a downstream target of PA.  

 

Summary 

 

In this study, we discovered that PX domains from RPK118 and KIF16B recognized 

both PI(3)P and PA. We showed that these PX domains recognized both phospholipids by two 

distinct pockets analogous to the case of the PX domain of p47phox using a series of point 

mutants. By using the mutant PX domain, whose binding to PI(3)P was reduced but that to PA 

remained intact, translocation of the PX domain after activation of PLD was observed, 

indicating that binding of the second pocket to PA produced by PLD would be important to 

promote the subcellular localization of the PX domain to the endosomal membrane, where 

PI(3)P is abundant. For the first time we here showed evidence that PA binding to the second 

pocket of the PX domain has an important role not only to increase the affinity of the module 

to a specialized subcellular location, but also to target the module to the site where both of the 

lipid ligands are localized. 
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Figure legends 

 

Fig. 1. Specificity of phospholipid binding of the PX domains. Serially diluted phospholipids 

were dotted on nitrocellulose membranes and probed with isolated PX domains from various 

proteins prepared as GST-fusion proteins using a bacterial expression system. GST-fused 

proteins bound to the lipids were detected with anti-GST antibody. GST protein (1 pmol) 

spotted as a positive control for detection with the antibody is observed in the upper right 

corner of the membrane probed with GST. 

 

Fig. 2. Binding of the PX domains to PA enzymatically-produced on the membrane. A: 

Membrane sheets spotted with the serial dilutions of the lipids were incubated with PLD or 

PLC, and then probed with PX domains from the indicated protein, as in Fig. 1. B: Membrane 

sheets with dotted lipids were incubated with DGK in the presence of MgATP and subjected 

to a protein-lipid overlay assay, as described in Fig. 1. 

 

Fig. 3. Subcellular localization of EGFP-fused PX domains in the cells. MDCK cells cultured 

on glass coverslips were transiently transfected to express EGFP-fused PX domains from 

RPK118 or KIF16B in the growing medium, and then fixed with PFA and subjected to 

immunocytochemistry. EGFP-PX domains were visualized in green, EEA1 in red by indirect 

immunofluorescence using a combination of mouse antibody against EEA1 and 

Cy3-conjugated anti-mouse IgG, and then the cells were counterstained with 4’, 

6-diamidino-2-phenylindole (blue). The yellowish staining in the merged picture indicates 

co-localization of EGFP-PX domains with EEA1. Scale bars, 10 m. 

 

Fig. 4. Sensitivity of endosomal localization of the PX domains to PI3K inhibitor. MDCK 

cells cultured on coverslips were transiently transfected in growing medium to express 
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EGFP-fused PX domains from indicated proteins and subjected to live-cell imaging. The 

coverslip was mounted in the chamber with serum-free medium and epifluorescence images 

were taken every 15 sec. Images of before and after incubation with 100 nM wortmannin for 

10 min at room temperature are shown. Scale bars, 10 m. 

 

Fig. 5. Alignment of the amino acid sequences of the PX domains. The sequences were 

aligned using ClustalW2 and a Gonnet-weight matrix with a gap-opening penalty of 5 and 

extension penalty of 0.05 for multiple alignments with some modification by hand to adjust 

the positions of proline-rich motifs. The regions containing the strongly conserved 

(R/K)-(R/K)-(Y/F) xxFxxLxxxL and PxxP motifs are boxed, where ‘x’ indicates any amino 

acid. The basic residues in the second anion-binding pocket of p47phox which directly interact 

with the polar head of PA are indicated in bold. The basic residues of RPK118 and KIF16B 

corresponding to those for PA binding of p47phox and those in the loop forming the second 

anion-binding pocket are indicated in bold and the residues mutated in this study are 

underlined. All PX domains in the alignment are from human homologs and the GeneBank 

accession numbers and corresponding amino acids are: RPK118, NP036556, 9-128; KIF16B, 

NP078980, 1184-1307; PLD1b, NP001123553, 79-209; p47phox, NP000256, 4-121; p40phox, 

NP000622, 18-136; SNX19, NP055573, 532-659. 

 

Fig. 6. Subcellular localization of PX domain mutants incapable of binding to PI(3)P. Images 

of MDCK cells expressing EGFP-fused PX domains were taken as in Fig. 4. without any 

treatment of the cells. Scale bars, 10 m. 

 

Fig. 7. Effects of point mutations of the PX domain from RPK118 on lipid binding and 

subcellular localization. Protein-lipid overlay assay and fluorescent microscopy were 

conducted as in Figs. 1 and 4, using several point mutants of GST-fused or EGFP-fused PX 

domains from RPK118. Scale bars, 10 m. 
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Fig. 8. Co-localization of Y54A mutant of the PX domain from RPK118 with PLD on 

endosomes. A: Live-cell imaging was performed as in Fig. 4. Images of before and after 

treatment of the cells with 100 nM PMA, and further treatment with 100 nM wortmannin for 

10 min at room temperature are presented. Scale bars, 10 m. B: Immunofluorescence was 

performed as in Fig. 3, except that the cells were treated with 100 nM PMA for 10 min at 

room temperature. C: COS7 cells cultured on coverslips were transiently transfected to 

co-express EGFP-RPKPX-Y54A and HA-tagged PLD1b. The cells were fixed after treatment 

with 100 nM PMA for 10 min followed by immunofluorescence as in B, except that 

HA-PLD1b was visualized in red using mouse antibody against HA-tag instead of EEA1. 
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RPK118         9 ---ADLARFYTVTEPQRHPRGYTVYKVTAGVVSRRNP----EDVQEIIVWKRYSDFKKLHKELWQIH-------------- 68!
KIF16B      1184 ----IKISIPRYVLCGQGKDAHFEFEVKITV-----------LDETWTVFRRYSRFREMHKTLKLKYA------------- 1236!
PLD1          79 CPIKAQVLEVERFTSTTRVPSINLYTIELTHG-----------EFKWQVKRKFKHFQEFHRELLKYKAFIRIPIPTRRHTF 148!
p47phox        4 --TFIRHIALLGFEKRFVPSQHYVYMFLVKWQ----------DLSEKVVYRRFTEIYEFHKTLKEMFP------------- 59!
p40phox       18 -DDVAISANIADIEEKRGFTSHFVFVIEVKTK----------GGSKYLIYRRYRQFHALQSKLEERFG------------- 74!
SNX19        532 -NLRITGTITAREHSGTGFHPYTLYTVKYETALDGENSSGLQQLAYHTVNRRYREFLNLQTRLEEK----------PDLRK 601!
!
!
 !
RPK118        69 --KNLFRHSELFPPFAKGIVFGRFDETVIEERRQCAEDLLQFSAN-----------------IPALYN-SKQLEDFFKGG 128!
KIF16B      1237 --------ELAALEFPPKKLFGNKDERVIAERRSHLEKYLRDFFSVMLQSATSPLHINKVGLTLSKH-TICEFSPFFKKG 1307!
PLD1         149 RRQNVREEPREMPSLPRSSENMI-REEQFLGRRKQLEDYLTKILK-----------------MPMYRN-YHATTEFLDIS 209!
p47phox       60 IEAGINPENRIIPHLPAPKWF—-DGQRAAENRQGTLTEYCSTLMS-----------------LPTKISRCPHLLDFFKVR 121!
p40phox       75 PDSKSSALACTLPTLPAKVYVG-VKQEIAEMRIPALNAYMKSLLS-----------------LPVWVLMDEDVRIFFYQS 136!
SNX19        602 FIKNVKGPKKLFPDLPFGNM----DSDRVEARKSLLESFLKQLCA-----------------IPEIAN-SEEVQEFLALN 659!
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