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Phosphatidylinositol 3-phosphate binding properties and autoinhibition 
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Tuoxian Tang 

 

Academic Abstract 
 

Phafin2 is a member of the Phafin protein family. Phafins are modular with an N-terminal PH 

(Pleckstrin Homology) domain followed by a central FYVE (Fab1, YOTB, Vac1, and EEA1) 

domain. Both the Phafin2 PH and FYVE domains bind phosphatidylinositol 3-phosphate 

[PtdIns(3)P], a phosphoinositide mainly found in endosomal and lysosomal membranes. 

Phafin2 acts as a PtdIns(3)P effector for endosomal cargo trafficking, macropinocytosis, 

apoptosis, and autophagy. The PtdIns(3)P binding activity is critical to the localization of 

Phafin2 on a specific membrane and, subsequently, helps the recruitment of other binding 

partners to the same membrane surface. However, there are no studies on the structural basis 

of PtdIns(3)P binding, the PtdIns(3)P-binding properties of each domain, and the apparent 

redundancy of two PtdIns(3)P binding domains in Phafin proteins. 

 

In the present dissertation, different biochemical and biophysical techniques were utilized to 

investigate the structural features of Phafin2 and its lipid interactions. This dissertation shows 

that Phafin2 is a moderately elongated monomer with a predicted α/β structure and ~40% 

random coil content. Phafin2 binds lipid bilayer-embedded PtdIns(3)P with high affinity; its 

PH and FYVE domains display distinct PtdIns(3)P-binding properties. Unlike the PH domain, 

the Phafin2 FYVE domain binds both membrane-embedded PtdIns(3)P and water-soluble 

dibutanoyl PtdIns(3)P with similar affinity. An intramolecular autoinhibition mechanism is 

found in Phafin2, in which a conserved C-terminal aspartic acid-rich (polyD) motif inhibits the 

binding of Phafin2 PH domain to PtdIns(3)P. The polyD motif specifically interacts with the 

Phafin2 PH domain. Using negative-stain Transmission Electron Microscopy, Phafin2 was 

found to cause membrane tubulation in a PtdIns(3)P-dependent manner. In conclusion, this 

study provides the structural and functional basis of Phafin2 lipid interactions and evidence of 

an intramolecular autoinhibition mechanism for PtdIns(3)P binding to the Phafin2 PH domain, 

which is mediated by the C-terminal polyD. The distinct PtdIns(3)P binding properties of the 



 

Phafin2 PH and FYVE domains may indicate that these two domains have different functions. 

Considering that the Phafin2 PH domain’s PtdIns(3)P binding is intramolecularly regulated, 

cells may employ a unique mechanism to release the Phafin2 PH domain from the conserved 

C-terminal motif and control the functions of Phafin2 in PtdIns(3)P- and PH domain-dependent 

signaling pathways. 
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General Audience Abstract 
 

Living cells need to absorb extracellular materials to sustain their growth and achieve cellular 

homeostasis. When cells require an uptake of liquids, they employ pinocytosis (“cell drinking”); 

when cells uptake solid particles, they use phagocytosis (“cell eating”); and when cells are in 

nutrient starvation status, they exploit an evolutionarily conserved process to survive known as 

autophagy (“self-eating”). Cells coordinate these activities through complex biochemical 

signaling systems. In each of these activities, a specific pathway is used to transfer the 

extracellular materials into the intracellular compartments and regulate the intracellular 

communications. Protein-lipid interactions are critical to these signaling pathways. This study 

focuses on the interactions between Phafin2 and phosphatidylinositol 3-phosphate [PtdIns(3)P]. 

Phafin2 is a cytoplasmic protein involved in autophagy, and PtdIns(3)P is a transient lipid 

signaling molecule localized to a specific organelle. After cells trigger autophagic events, 

Phafin2 protein molecules are associated with PtdIns(3)P. Subsequently, Phafin2 will recruit 

other protein binding partners. In this research project, biochemical and biophysical approaches 

were employed to study the structural features and PtdIns(3)P binding properties of Phafin2. 

Phafin2 was found to have two distinct PtdIns(3)P-binding domains; however, one of them is 

intramolecularly regulated. The results of this study help us to understand why Phafin2 displays 

two PtdIns(3)P-binding domains with different properties and how this is regulated, 

information that might be instrumental to understanding the roles of Phafin2 in physiological 

and disease scenarios. 
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Chapter 1 Introduction 

 

1. Phafin proteins 

Phafin proteins are PH (Pleckstrin Homology) domain and FYVE (Fab 1, YOTB, Vac1, and 

EEA1) domain-containing proteins. The Phafin protein family has fourteen proteins from 

various species. Sequence alignment and phylogenetic analysis showed that this protein family 

could be divided into two subfamilies: Phafin1 and Phafin2. [1] 

 

1.1 Phafin1 

Phafin1, also known as LAPF (a lysosome-associated apoptosis-inducing protein containing 

PH and FYVE domains) and PLEKHF1 (pleckstrin homology and FYVE domain containing 

1), is a 279 amino acid protein (the modular organization of human Phafin1 protein is shown 

in Figure 1). The genomic data show that the human Phafin1 gene is located on chromosome 

19q12 (https://www.ncbi.nlm.nih.gov/gene/79156). RNA-seq experiments performed on 

tissue samples from 95 human individuals representing 27 different tissues indicated that the 

Phafin1 gene is ubiquitously expressed in fat, spleen, and, to a lesser extent, in 25 other tissues. 

[2] 

 

Phafin1 is a cytosolic protein that contains two PtdIns(3)P-binding domains, an N-terminal PH 

domain and a central FYVE domain (Figure 1). Phafin1 is a pro-apoptotic protein. After 

translocating to lysosomes, Phafin1 induces caspase-independent apoptosis through the 

lysosomal-mitochondrial pathway. [1] Phafin1 acts as an adaptor protein by recruiting 

phosphorylated p53 to lysosomes, triggering apoptosis. [3] Phafin1 also plays a role in 

autophagy. The Phafin1 protein is targeted to lysosomes by Rab7-dependent signaling, 

inducing autophagosome formation. In HEK293T cells, co-transfection of hLC3A 

(microtubule-associated protein light chain 3, an autophagosome marker) and Phafin1 is 

sufficient to induce autophagy. [4-5] 

 

1.2 Phafin2 

Phafin2, also known as EAPF (an endoplasmic reticulum-associated apoptosis-involved 

protein containing PH and FYVE domains) and PLEKHF2 (pleckstrin homology and FYVE 

domain containing 2), [6] is a 249 amino acid protein (the modular organization of human 
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Phafin2 protein is shown in Figure 1). The human Phafin2 gene is located on chromosome 

8q22 (https://www.ncbi.nlm.nih.gov/gene/79666). The quantitative transcriptomics analysis 

showed that the human Phafin2 gene has broad expression in bone marrow, lymph node, and 

other tissues. [2] The overall expression level of human Phafin2 is higher than Phafin1 in 

different tissues. Like Phafin1, Phafin2 is a cytosolic protein that contains the PtdIns(3)P-

binding PH and FYVE domains (Figure 1) [7]. Previous studies showed that Phafin2 is 

involved in endosomal cargo trafficking, apoptosis, macropinocytosis, and autophagy. The 

functional roles of Phafin2 in cell signaling pathways are summarized below. 

 

 

Figure 1. Modular organization of human Phafin1 and Phafin2. 

 

2. The functional roles of Phafin2 in cell signaling pathways 

2.1 Apoptosis 

Apoptosis is a process of programmed cell death (PCD). The apoptotic pathway is 

characterized by various morphological changes, including cell shrinkage, chromatin 

condensation, plasma membrane blebbing, and apoptotic bodies. There are two main 

apoptotic pathways: the death receptor pathway (“extrinsic”) and the mitochondrial pathway 

(“intrinsic”). [8-9] The tumor necrosis factor-alpha (TNF-α) can initiate the death receptor 

pathway directly and the mitochondrial pathway indirectly. Like Phafin1, Phafin2 is a pro-

apoptotic protein. However, Phafin1 and Phafin2 use different pathways to facilitate cellular 

apoptosis. Phafin1 induces caspase-independent apoptosis via the lysosomal-mitochondrial 

pathway, whereas Phafin2 promotes TNF-α-induced cellular apoptosis through an 

endoplasmic reticulum-mitochondrial apoptotic pathway [6]. Overexpression of Phafin2 

enhances cellular sensitivity to apoptosis induction and TNF-α-induced activity of caspase 3. 

Silencing of Phafin2 expression protects cells from TNF-α-mediated apoptosis induction. 

Both the Phafin2 PH and FYVE domains contribute to the translocation of Phafin2 to the 

endoplasmic reticulum. Two mutants of Phafin2, Phafin2PH (deletion of the N-terminal PH 
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domain) and Phafin2FYVE (deletion of the central FYVE domain), failed to colocalize with 

the endoplasmic reticulum (ER) after TNF-α treatment, suggesting that both domains are 

required for ER localization. Moreover, these two deletion mutants reduced the sensitivity of 

L929 cells to TNF-α-mediated apoptosis. [6] 

 

2.2 Endosomal cargo trafficking 

Cells in multicellular organisms communicate by means of a large number of extracellular 

signal molecules. The extracellular signal molecule usually binds to a receptor protein 

embedded in the plasma membrane of the target cell. Intracellular signaling pathways, which 

are comprised of intracellular signaling proteins, will process and distribute the signals to a 

specific target. There are three major types of cell-surface receptors: (a) ion-channel coupled 

receptors, (b) G-protein-coupled receptors, and (c) enzyme-coupled receptors. The epidermal 

growth factor receptor (EGFR) is an enzyme-coupled receptor. Activated, ligand-bound 

EGFR is internalized by endocytosis, which has been recognized as a cellular mechanism to 

terminate signaling through the degradation of activated receptor complexes, protecting the 

cells from excessive stimulation. [10-12] After internalization, EGFR molecules are 

ubiquitinated and incorporated into multivesicular endosomes. These intraluminal vesicles 

and receptor cargos are transported to lysosomes for degradation. [13] 

 

Phafin2 mediates EGFR degradation by promoting endosome fusion, and it regulates the 

function of endosomes via association with other binding partners. [13] The yeast two-hybrid 

assay shows that it colocalizes strongly with the early endosomal antigen 1 (EEA1), an 

endosomal-tethering protein that mediates endosome fusion [13-14]. In Phafin2-depleted 

cells, degradation of EGFR is delayed, and the EGFR is accumulated in early endosomes. 

This suggests that Phafin2 regulates receptor trafficking through early endosomes by 

promoting endosome fusion. Besides its role in EGFR degradation, Phafin2 also modulates 

the density of insulin receptors (InsR) on the cell surface. [14] Overexpression of Phafin2 

increases the amount of InsRs on plasma membranes but does not change the amount of 

EGFR. [14] The downregulation of Phafin2 expression by Phafin2 siRNA (small interference 

RNA) shows decreased InsRs on the cell surface. These results indicate that the upregulation 

of Phafin2 expression inhibits the internalization of InsR, resulting in the increased level of 

InsR at the plasma membrane. [13-14] 
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2.3 Macropinocytosis 

Macropinocytosis is an actin-dependent endocytosis mechanism that cells use to ingest 

extracellular fluids and soluble macromolecules. These materials are internalized into large 

vesicles, called macropinosomes. [15-17] Under special conditions, macropinocytosis can 

facilitate the uptake of bacteria and viruses, causing their cell entry. Macropinocytosis has 

been receiving more attention because of its involvement in immune defense and removal of 

apoptotic bodies. 

 

A recent study shows that Phafin2 is recruited to the newly formed macropinosomes through 

interactions between Phafin2 and PtdIns(3)P, which is transiently generated on these 

endocytic vesicles. On the vesicle surfaces, Phafin2 interacts with the actin cross-linking 

protein Filamin A, promoting the entry of macropinosomes through actin matrix and 

subsequent maturation. [18] Cellular Phafin2 depletion significantly reduces the number of 

macropinosomes. The same research group also reported that the motor binding protein JIP4 

is recruited to the tubulating macropinosomes by Phafin2 in a PtdIns(3)P dependent manner. 

JIP4 is a coiled-coil protein that promotes the tubulation of macropinosomes. The Phafin2 

PH domain, but not the FYVE domain, mediates the interaction between Phafin2 and JIP4. 

The depletion of Phafin2 or JIP4 and the disruption of PtdIns(3)P binding have a suppressive 

effect on tubulation. [19] 

 

2.4 Autophagy 

Autophagy is a cellular self-digestion mechanism by which damaged cytoplasmic 

components, including misfolded proteins and defective organelles, are sequestered in 

double-membrane vesicles, known as autophagosomes, and delivered to lysosomes for 

degradation. The metabolites produced by this degradation process can be recycled to build 

new cellular macromolecules and functional organelles. Autophagy is a highly conserved 

process occurring in eukaryotic cells. [20-23] Under normal growth conditions, autophagy is 

active at basal levels, maintaining cellular homeostasis. However, cellular stresses, such as 

nutrient starvation, growth factor deprivation, infection, and accumulation of misfolded 

proteins, may induce autophagy. The induced autophagic pathways can be selective (e.g., 
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protein aggregates) or nonselective (sequestration of bulk cytoplasm), depending on the 

stimulus. [24-25] 

 

Based on their different mechanisms and functions, there are three primary types of 

autophagy: microautophagy, macroautophagy, and chaperone-mediated autophagy. [26-27] 

In microautophagy, cytoplasmic components are directly engulfed into the lysosomes 

through invagination of the lysosomal membrane. In the case of macroautophagy (often 

referred to as autophagy; Figure 2), cargoes are sequestered by autophagosomes, and the 

fusion of autophagosomes with lysosomes results in the formation of autolysosomes. The 

lysosomal hydrolytic enzymes can digest the autolysosomal contents, and the resulting 

molecules are transported back to the cytosol through membrane permeases. The chaperone-

mediated autophagy relies on the action of a cytosolic and lysosomal Hsc70 chaperone, which 

recognizes soluble cytosolic proteins carrying the pentapeptide KFERQ-like sequence [28]. 

The Hsc70 chaperone will associate with the integral membrane receptor LAMP-2A 

(lysosome-associated membrane protein type 2A), translocating the substrate proteins across 

the lysosomal membrane. [29] Autophagy plays a key role in cellular adaptation to changing 

environmental conditions, cellular remodeling during development and differentiation, and 

lifespan determination [30]. Autophagic dysfunction is associated with a plethora of human 

diseases, such as cancer [31-32], neurodegeneration [33], microbial infection [23], 

myopathies [34], and aging [35]. 

 

 

Figure 2. Schematic diagram of the autophagic pathway. 
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The molecular machinery of autophagy is conserved in yeasts and mammals. There are several 

distinct stages in the autophagic pathway: induction and vesicle nucleation (formation of 

isolation membrane), vesicle expansion, autophagosome-lysosome fusion (fusion of double-

membraned autophagosomes with lysosomes to form autolysosomes), and autolysosomal 

degradation. [20] (Figure 2) A unique membrane structure, which is called isolation 

membrane or phagophore, emerges after autophagy induction. The isolation membrane 

expands and elongates to form the autophagosomes, double-membrane vesicles, which engulf 

cytosolic components. After maturation, autophagosomes fuse with lysosomes. The engulfed 

cargoes are degraded by the lysosomal hydrolases. [21-25] The knowledge on autophagy has 

been markedly expanded after identifying more than 20 different ATG (autophagy-related) 

genes from yeast genetic studies. These ATG genes encode evolutionarily conserved Atg 

proteins, which are essential to the autophagic machinery. For example, autophagosomal 

membrane expansion is mediated by two ubiquitin-like conjugation systems (Atg12 and 

Atg8). Many PtdIns(3)P binding proteins are involved in the autophagic process, such as 

DFCP1 (double FYVE-containing protein 1) and WIPI (WD repeat domain phosphoinositide-

interacting) family proteins, which are critical to autophagosome formation. [23-25] 

 

The ULK complex [Atg 1(ULK1/2), Atg 11, Atg 13, Atg 17, Atg 29, and Atg 31] is 

indispensable to the induction of autophagy. After autophagy induction, this complex 

translocates to the early autophagic machinery. [23] Previous studies showed that PtdIns(3)P 

is indispensable to autophagy induction, and that PI3K (Phosphoinositide 3-kinase) regulates 

autophagy. [39-40] PI3K is a lipid kinase that phosphorylates the 3'-OH group of the inositol 

ring of phosphoinositides. Mammalian cells have three main classes of PI3K. Class I PI3K 

catalyzes the conversion of phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P2] into 

phosphatidylinositol (3,4,5)-trisphosphate [PtdIns(3,4,5)P3]. Class II and Class III PI3Ks use 

phosphatidylinositol as their in vivo substrate and, thus, produce PtdIns(3)P. The Class III PI3K 

has a single species (hVps34) in humans and relatively high catalytic activity in cells. [41-44] 

3-MA (3-methyladenine) is a specific inhibitor of class III PI3K, preventing autophagy from 

occurring. Thus, PtdIns(3)P production is required for the induction of autophagy. [7, 45-47] 

 

The PtdIns(3)P-binding protein Phafin2 plays a role in the initiation of autophagy [7, 36]. As 

illustrated in Figure 3, lysosomal accumulation of Phafin2, in complex with the 

serine/threonine kinase Akt (also known as protein kinase B, PKB), constitutes a critical step 
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in the induction of autophagy. There are three highly conserved Akt isoforms in mammalian 

genomes: Akt1 (PKB), Akt2 (PKB), and Akt3 (PKB). These Akt family members are 

involved in many cellular functions, including cell growth, cell survival, vesicular trafficking, 

transcriptional regulation, and cytoskeletal organization. [37-38] Akt1 and Akt2, but not Akt3, 

interacted with Phafin2 in 293T cells by co-immunoprecipitation assays. The PI3K-Akt-mTOR 

(mechanistic target of rapamycin) pathway has an essential role in the regulation of autophagy. 

[37-38] After the induction of autophagy using rapamycin, Phafin2 is localized on lysosomes 

via interactions with PtdIns(3)P. Phafin2 recruits Akt to the lysosomal membranes in a 

PtdIns(3)P-dependent manner [7]. 

 

It is proposed that Akt plays a dual role in the regulation of autophagy. Akt has an N-terminal 

PH domain, a kinase domain in the middle, and a C-terminal regulatory domain. 

Phosphorylation is critical for Akt activity. The Akt PH domain has an inhibitory effect on 

the Akt-kinase domain, and Akt is in the inactive “PH-in” conformation [38]. The “PH-in” 

conformation is relieved after the Akt PH domain associates with PtdIns(3,4,5)P3, resulting 

in a “PH-out” conformation. The Akt-kinase domain is available for phosphorylation by 

PDK1 (phosphoinositide-dependent protein kinase 1). PDK1 phosphorylates Akt at T308, 

leading to a partially activated Akt. Akt also requires S473 phosphorylation by mTORC2 

(mechanistic target of rapamycin complex 2) to achieve its maximal activation [38]. In 

response to growth factor stimulation, class I PI3K is activated and increases the 

PtdIns(3,4,5)P3 levels at the plasma membrane. The Akt PH domain associates with 

PtdIns(3,4,5)P3, translocating Akt to the plasma membrane. An established model is that 

PtdIns(3,4,5)P3 binding causes conformational changes of Akt and allosterically activates Akt. 

Activated Akt can phosphorylate downstream substrates, leading to the inhibition of 

autophagy [37]. However, after autophagy induction, Phafin2 translocates Akt to lysosomes, 

promoting autophagy. Phafin2 binds Akt in a non-phosphorylation dependent manner; both 

the phosphorylated and non-phosphorylated Akt bind Phafin2. [7] In the canonical Akt 

activation model, PtdIns(3,4,5)P3 restricts Akt activity to the plasma membrane. It remains 

unknown whether Phafin2 binds phosphorylated or non-phosphorylated Akt for the induction 

of autophagy. 
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Figure 3. Spatial control of Akt determines the fate of autophagy. 

 

In summary, Phafin2 has functions in endosomal cargo trafficking, apoptosis, 

macropinocytosis, and autophagy. Phafin2 is a PtdIns(3)P effector and acts as an adaptor 

protein in these signaling pathways, recruiting other binding partners to a specific organelle or 

membrane structures. There is some evidence showing that Phafin2 may be involved in human 

diseases. The Phafin2 gene expression is upregulated in liver and breast cancer. [14, 48] 

 

3. Phosphoinositides and their recognition domains 

3.1 Seven phosphoinositides 

Phosphoinositides (PI) are phosphorylated derivatives of phosphatidylinositol (PtdIns). The 

inositol headgroup of phosphatidylinositol can be phosphorylated at a single position or a 

combination of positions (3', 4', or 5'), producing seven different PIs: PtdIns(3)P, PtdIns(4)P, 

PtdIns(5)P, PtdIns(3,4)P2, PtdIns(3,5)P2, PtdIns(4,5)P2, and PtdIns(3,4,5)P3. [49-51] 

Although PIs represent a minor group of phospholipids (<10% of all phospholipids) and 

comprise approximately 1% of cellular lipids, they serve as key signaling molecules. PIs 

regulate multiple cellular functions, including membrane trafficking, signaling transduction, 

cell survival, and cytoskeletal dynamics. [52-54] 
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The amount and cellular distribution of each PI are spatially and temporally controlled by 

numerous kinases and phosphatases, which constitute a complicated regulatory network. 

PtdIns(4)P and PtdIns(4,5)P2 are the largest pool of PIs [50]. They are constitutively present 

in cellular membranes, whereas PtdIns(3,4,5)P3 is barely detectable in unstimulated cells [50]. 

Recent estimates showed that the amount of PtdIns(3,4,5)P3 is about 2-5% of PtdIns(4,5)P2 

and the amount of PtdIns(3)P is about 20-30% of PtdIns(4)P. [50, 52] Different PI species 

show distinct cellular distributions, and some of them are viewed as hallmarks of various 

cellular membranes and compartments. PtdIns(4)P is enriched at the Golgi Apparatus 

membranes, whereas PtdIns(3)P is primarily found on early and late endosomes as well as 

lysosomes. [55-58] 

 

3.2 Phosphoinositide recognition domains 

Phosphoinositides serve as site-specific signals and docking sites on cellular membranes. 

Some cytosolic proteins are transiently recruited by these phospholipids to a specific 

membrane in a reversible and regulated manner. [59-65] Membrane recognition is mediated 

by PI binding domains, including ANTH (AP180 N-terminal homology) [66], BAR (Bin-

Amphiphysin-Rvs) [67], C2 (conserved region-2 of protein kinase C) [68], ENTH (epsin N-

terminal homology) [66], FYVE (Fab1, YOTB, Vac1, and EEA1), PH (Pleckstrin Homology), 

PROPPINs (β-propellers that bind PIs) [69], PTB (phosphotyrosine binding) [70], and PX 

(Phox homology) domains [71]. Different PI binding domains are diverse in specificity. Some 

of them specifically bind one type of PI, while others display broader specificity. For example, 

FYVE domains are specific for PtdIns(3)P, whereas PH domains often display broader 

specificities. 

 

Although PI-binding domains display distinct structures and affinities, their lipid-binding 

mechanisms share many similarities. In most cases, binding is achieved by nonspecific 

electrostatic interactions involving the negatively charged PI headgroups and patches of 

positive charges within the target protein. Nearly all PI-binding domains have highly basic 

binding sites comprised of some positively charged residues. Furthermore, association of PI-

binding proteins with PI-containing membranes involves multiple interactions. In addition to 

the electrostatic interactions, hydrophobic amino acid residues located in close proximity to 

the basic patch contribute to lipid ligation. Membrane anchoring is also augmented by 
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hydrophobic insertion, protonation of a histidine switch, and by coincidence detection. [58, 

72-74] 

 

3.2.1 PH domains 

The PH domain was initially identified as a region of sequence homology duplicated in 

pleckstrin [50]. PH domains are small protein modules of 100-120 amino acids found in a 

wide range of proteins. [75] The amino acid sequence homology among different PH domains 

is only 7-30%, but they show similar three-dimensional structures. PH domain are 

characterized by the presence of seven β-strands forming two nearly orthogonal antiparallel 

β-sheets, which are capped at one end by a C-terminal α-helix. A positive binding pocket in 

the PH domain interacts with the negative head group of the phospholipids, and nonspecific 

electrostatic interactions are the major driving forces for binding. [76-80] 

 

Most PH domains bind PIs, facilitating the recruitment of PH domain-containing proteins to 

specific cellular membranes, while some PH domains mediate protein-protein interactions. 

[81-82] It is estimated that about 15% of PH domains bind PIs with high affinity but 

dissociation constants range between 30 nM to 30 M (Table 1). The specificity of PH domain 

varies widely. [83-85] For example, the PH domains of Pleckstrin and PLCδ1 bind 

PtdIns(4,5)P2, whereas the Btk and Grp1 PH domains have specificity for PtdIns(3,4,5)P3 

(Table 1). The PH domain of Akt/PKB binds both PtdIns(3,4)P2 and PtdIns(3,4,5)P3. Moreover, 

PH domains also bind PtdIns(3)P, PtdIns(4)P, PtdIns(5)P, and PtdIns(3,5)P2 (Table 1). 
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Protein Ligand KD (M) Method References 

Pleckstrin PtdIns(4,5)P2 30 NMR [86] 

PLC-δ1 PtdIns(4,5)P2 1.7 ITC [87] 

FAPP PtdIns(4)P 41 NMR [88] 

CRET PtdIns(4)P 3.2 SPR [89] 

PKB/AKT PtdIns(3,4,5)P3 0.4 TF [90-91] 

Btk PtdIns(3,4,5)P3 0.08 SPR [92] 

Grp1 PtdIns(3,4,5)P3 0.03 SPR [93] 

CARMIL PtdIns(5)P 12 LBA [94] 

Grp1 IP4 0.03 ITC [95] 

Kindlin-2 IP4 2.1 SPR [96] 

TAPP1 PtdIns(3,4)P2 0.08 SPR [92] 

ORP5 PtdIns(3,5)P2 26 ITC [97] 

Phafin2 PtdIns(3)P 11 LBA [98] 

AtPH1 PtdIns(3)P N.D. LPOA [99] 

TECPR1 PtdIns(3)P N.D. LPOA [100] 

 

Table 1. PI binding specificity and affinity of representative PH domains. The listed PH 

domains show different PI binding specificities and a range of binding affinities. 

Abbreviations: PLC-δ1, phospholipase C-δ1; FAPP, four-phosphate-adaptor protein; CRET, 

ceramide trafficking protein; PKB, Protein Kinase B; Btk, Bruton’s tyrosine kinase; Grp1, 

General receptor for phosphoinositides isoform 1; CARMIL, CP Arp2/3 complex myosin-I 

linker; IP4, inositol 1,3,4,5-tetraphosphate; TAPP1, tandem-PH domain-containing protein-1; 

ORP5, a member of oxysterol-binding protein (OSBP)-related proteins; AtPH1, the 
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At2g29700 gene encoding a PH domain-containing protein; TECPR1, Tectonin β-propeller 

repeat-containing protein 1; N.D., not determined. NMR, Nuclear Magnetic Resonance; ITC, 

Isothermal Titration Calorimetry; SPR, Surface Plasmon Resonance; TF, Tryptophan 

Fluorescence; LBA, Liposome Binding Assay (also known as liposome co-sedimentation 

assay); LPOA, Lipid-Protein Overlay Assay. 

 

The high affinity and specificity of some PH domains make them suitable probes for detecting 

a specific PI in vivo. Fusion proteins comprising green fluorescent protein (GFP) and PH 

domain have become useful and efficient tools to study the distribution of PIs in living cells. 

For example, the PH domain of PKB/AKT is a sensitive and selective biosensor for detecting 

PtdIns(3,4)P2 and PtdIns(3,4,5)P3. Cellular PtdIns(4,5)P2 can be easily detected by the PH 

domain of PLC-δ1. [101-102] 

 

3.2.2. FYVE domains 

The FYVE domain was named after the first letter of the four proteins (Fab1, YOTB, Vac1, 

and EEA1), in which it was first identified. FYVE domains are small (70-80 amino acids) 

cysteine-rich protein modules and highly conserved from yeast to human. FYVE domain-

containing proteins are recruited to the PtdIns(3)P-enriched endocytic membranes through the 

specific interactions of their FYVE domains with PtdIns(3)P. [50, 103-106] 

 

Three-dimensional structures of FYVE domains reveal a common protein fold. They display 

two double-stranded β-sheets, with each β-sheet formed by two antiparallel β-strands. 

Additionally, the structure contains a small C-terminal α-helix that carries one of the zinc-

coordinating cysteines. There are three conserved PtdIns(3)P-binding motifs in FYVE 

domains: an N-terminal WxxD (in single-letter amino acid code; x, any amino acid) motif, a 

central (R/K)(R/K)HHCR motif, and a C-terminal RVC motif. [107-109] Certain FYVE 

domains bind PtdIns(3)P in a pH-dependent manner. An acidic pH (~6.0) favors PtdIns(3)P 

binding, whereas increasing the pH weakens PtdIns(3)P binding and membrane insertion. Two 

adjacent histidine residues in the (R/K)(R/K)HHCR signature motif modulate its pH 

dependency. [110-111] 
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The FYVE domain is a zinc-finger module; it contains eight cysteine residues (four CxxC 

motifs) that coordinate two Zn2+ ions. Tetrahedral coordination of the two Zn2+ ions by four 

CxxC motifs is critical to the structural stability and biological activity of the FYVE domains. 

Mutations in any of these zinc-coordinating residues are sufficient to cause structural loss and 

abolish PtdIns(3)P binding. Furthermore, some FYVE domains promote protein dimerization 

[103]. Structures of the Drosophila Hrs FYVE and the S.cerevisiae Vps 27p FYVE domains 

were determined by X-ray crystallography. The Hrs FYVE domain was crystallized in the 

presence of citrate (a substrate substitute), whereas the structure of the Vps 27p FYVE 

domain was solved in a ligand-free state. [104] These two FYVE domains showed a similar 

structure comprised of two double-stranded β-sheets and a C-terminal α-helix. According to 

the proposed models, two Hrs FYVE domains formed a homodimer, but the Vps 27p FYVE 

domain showed a monomeric structure. The crystal structure of the human EEA1 FYVE 

domain bound to inositol 1,3-bisphosphate also revealed that EEA1 FYVE domains form 

homodimers. [112-114] 

 

PtdIns(3)P plays a pivotal role in endosome fusion, recycling, sorting, and conversion of early 

endosomes to late endosomes. FYVE domains show high specificity and affinity for PtdIns(3)P 

binding. The double FYVE finger (2×FYVE) is widely used to study the distribution and level 

of PtdIns(3)P in cells. [115-117] 

 

4. Research aims 

Previous studies showed that Phafin2 plays a role in endosomal trafficking [13, 14], 

macropinocytosis [18], apoptosis [6], and autophagy [7]. Phafin2 is a PtdIns(3)P effector in all 

these signaling pathways. Translocation of Phafin2 to a specific cellular membrane is mediated 

by its interactions of its PH and FYVE domains with PtdIns(3)P. This research project focuses 

on elucidating the structural features and PtdIns(3)P-binding properties of Phafin2. The overall 

goal was to understand why Phafin2 has two redundant PtdIns(3)P-binding domains and their 

possible functions. Various biophysical and biochemical methods were utilized to address 

specific questions and achieve research aims. 

 

The structural features and PtdIns(3)P-binding properties of Phafin2 were unknown. The first 

research aim was to determine the structural organization and PtdIns(3)P-binding properties of 

Phafin2 given that it harbors two PtdIns(3)P-binding domains. The human Phafin2 cDNA was 
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cloned into a pGEX4T3 vector and expressed as a recombinant protein in E.coli. GST-tagged 

and untagged Phafin2 proteins were purified by affinity chromatography and size exclusion 

chromatography. Circular Dichroism (CD) spectropolarimetry and two-dimensional NMR (1H-

15N HSQC, heteronuclear single quantum coherence) were used to collect structural 

information. Far-UV CD at 222 nm was employed to monitor the thermal stability of Phafin2 

and estimate its melting temperature (TM), the temperature at which half of the protein was 

unfolded. The hydrodynamic properties of Phafin2 were analyzed by size-exclusion 

chromatography and velocity sedimentation analytical ultracentrifugation (AUC). Surface 

Plasmon Resonance (SPR) was used to determine its PtdIns(3)P binding affinity. To identify 

which amino acid residues in Phafin2 were responsible for PtdIns(3)P binding, we performed 

structure modeling of Phafin2 based on its sequence homology and structural similarity with 

other proteins. The putative binding sites were utilized to design PtdIns(3)P-interaction 

defective mutants. 

 

In chapter 2, we reported that Phafin2 was an elongated monomer. The TM for Phafin2 was 

48.4 °C. It preferentially bound PtdIns(3)P, and the binding affinity measured by SPR was 0.3 

M. Our structural analysis showed that Phafin2 was an  protein and displayed ~40% 

random coil in its secondary structural contents. PtdIns(3)P caused local conformational 

changes in Phafin2. Conserved PtdIns(3)P-binding pockets were predicted in the Phafin2 PH 

and FYVE domains. 

 

To establish why Phafin2 bears two redundant PtdIns(3)P-binding domains, the second aim 

was to investigate PtdIns(3)P-binding properties of the Phafin2 FYVE domain and the Phafin2 

PH domain. Different lipid-binding assays were utilized. Firstly, SPR experiments were used 

to measure the PtdIns(3)P binding affinity of Phafin2 PH domain and FYVE domain. Secondly, 

we prepared many PtdIns(3)P-interaction defective mutants: a single mutation in the Phafin2 

PH domain (Phafin2 R53C), a double mutation in the Phafin2 FYVE domain (Phafin2 

R172A/R173A), and a triple mutation in both domains (Phafin2 R53C/R172A/R173A). 

Liposome co-sedimentation assay and isothermal titration calorimetry (ITC) were used to study 

their PtdIns(3)P binding properties. Furthermore, we isolated the Phafin2 FYVE and PH 

domains, and their PtdIns(3)P-interaction defective mutants. The same set of lipid-protein 

binding assays was employed to study their PtdIns(3)P binding properties. 
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In chapter 3, we reported that, like the full-length wild-type Phafin2, Phafin2 FYVE bound the 

water-soluble and membrane-embedded PtdIns(3)P. However, the Phafin2 PH domain showed 

a different PtdIns(3)P binding property. It bound the membrane-embedded PtdIns(3)P, not the 

water-soluble PtdIns(3)P. An autoinhibition mechanism for PtdIns(3)P binding was found in 

Phafin2, by which a conserved C-terminal aspartic acid rich (polyD) motif in Phafin2 

intramolecularly inhibited the Phafin2 PH domain binding to PtdIns(3)P. The PtdIns(3)P 

binding ability of the Phafin2 PH domain was recovered after removing the polyD motif in 

Phafin2. 

 

The third aim was to determine whether the Phafin2 PH domain directly interacts with the 

polyD motif. A synthetic peptide was used to represent the Phafin2 polyD motif. Titration 

assays such as intrinsic tryptophan fluorescence and ITC were employed to study the 

interactions between the Phafin2 PH domain and the polyD peptide. To identify the PH domain 

residues that interact with the polyD peptide, the 15N-labeled Phafin2 PH domain was titrated 

with the unlabeled polyD peptide, and 1H-15N HSQC spectra were collected for each peptide 

concentration. 

 

Phafin2 plays a role in autophagy, endosome fusion, and tubulation of macropinosomes. All of 

these processes involve membrane remodeling. Therefore, we hypothesized that the Phafin2 

protein causes membrane remodeling and, consequently, facilitates membrane fusion. To test 

this hypothesis, extruded liposomes were used to mimic cellular membranes. Phafin2 was 

incubated with PtdIns(3)P-free liposomes and PtdIns(3)P-containing liposomes. Transmission 

electron microscopy (TEM) was utilized to observe morphological changes of liposomes. To 

determine whether these morphological changes were PtdIns(3)P-dependent and which domain 

is responsible for membrane remodeling, PtdIns(3)P-interaction defective mutants of full-

length Phafin2, Phafin2 FYVE and PH domains were subjected to the same approaches. 

 

In chapter 4, we reported that the Phafin2 polyD motif specifically interacted with the Phafin2 

PH domain. Phafin2 induced membrane tubulation in a PtdIns(3)P-dependent manner. Phafin2 

PH domains triggered many short protrusions on the surface of PtdIns(3)P liposomes. In 

contrast, Phafin2 FYVE domains did not show tubulation activity. 

 

The findings of this research project will help elucidate the structural basis for the interaction 

of Phafin2 with membrane PtdIns(3)P and understand why Phafin2 displays two PtdIns(3)P-
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binding domains. More importantly, the resulting findings will reveal how the PtdIns(3)P 

binding activity is regulated. Future research will focus on how Phafin2 proteins utilize this 

regulatory mechanism to achieve their functions in different signaling pathways. 
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Abstract 
 

Phafin2 is a phosphatidylinositol 3-phosphate- (PtdIns(3)P) binding protein involved in the 

regulation of endosomal cargo trafficking and lysosomal induction of autophagy. Binding of 

Phafin2 to PtdIns(3)P is mediated by both its PH and FYVE domains. However, there are no 

studies on the structural basis, conformational stability, and lipid interactions of Phafin2 to 

better understand how this protein participates in signaling at the surface of endomembrane 

compartments. Here, we show that human Phafin2 is a moderately elongated monomer of ~28 

kDa with an intensity-average hydrodynamic diameter of ~7 nm. Circular dichroism (CD) 

analysis indicates that Phafin2 exhibits an α/β structure and predicts ~40% random coil content 

in the protein. Heteronuclear NMR data indicates that a unique conformation of Phafin2 is 

present in solution and dispersion of resonances suggests that the protein exhibits random 

coiled regions, in agreement with the CD data. Phafin2 is stable, displaying a melting 

temperature of 48.4 °C. The folding-unfolding curves, obtained using urea- and guanidine 

hydrochloride-mediated denaturation, indicate that Phafin2 undergoes a two-state native-to-

denatured transition. Analysis of these transitions shows that the free energy change for urea- 

and guanidine hydrochloride-induced Phafin2 denaturation in water is ~4 kcal mol-1. 

PtdIns(3)P binding to Phafin2 occurs with high affinity, triggering minor conformational 

changes in the protein. Taken together, these studies represent a platform for establishing the 

structural basis of Phafin2 molecular interactions and the role of the two potentially redundant 

PtdIns(3)P-binding domains of the protein in endomembrane compartments. 

 

Keywords: Phafin2,Phosphatidylinositol 3-phosphate, Conformation, Protein structure. 
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Introduction 
 

Phafin2 (also known as EAPF or PLEKHF2) belongs to the Phafin family of proteins 

containing an N-terminal PH (Pleckstrin homology) and C-terminal FYVE (Fab1, YOTB, 

Vac1, and EEA1) domains (Fig. 1A) 1. Both PH and FYVE domains of Phafin2 are 

phosphatidylinositol 3-phosphate-(PtdIns(3)P) binding modules 2. PtdIns(3)P is a hallmark of 

endosomes as it mediates the recruitment of effector proteins to these compartments; thus, both 

PtdIns(3)P-interacting domains can target Phafin2 to PtdIns(3)P-enriched membranes. Phafin2 

regulates the function and structure of endosomes through a Rab5-dependent process 3 although 

no direct interaction of Phafin2 and Rab5 occurs 4. Several lines of evidence suggest that 

Phafin2, the Phafin family member protein Phafin1, and the Drosophila homologue Rush 

promote the enlargement of early endosomes 3-6 with their FYVE domains playing a dominant 

role 3. Phafin2 interacts with the FYVE domain-containing protein EEA1, which regulates 

endosomal cargo trafficking and fusion events, but does not directly participate in cargo sorting 

4. A role for lysosomal Phafin2 in the induction of autophagy has also been recently reported.  

Phafin2-mediated autophagy requires the presence of PtdIns(3)P at the lysosomal surface and 

the serine/threonine kinase Akt 2. Binding of Phafin2 to Akt requires both the PH and FYVE 

domains. The interaction of Phafin2 with PtdIns(3)P allows localization of the Phafin2-Akt 

complex to the lysosomal surface 2. Phafin2 has previously been associated with caspase 12-

dependent apoptosis through the endoplasmic reticulum (ER)-mitochondrial apoptotic 

pathway 7. In this pathway, Phafin2 translocates to the ER after tumor necrosis factor-α (TNF-

α)stimulation, inducing apoptosis in a PH- and FYVE domain-dependent manner 7. The action 

of Phafin2 favors a more rapid increase of the cytosolic Ca2+ levels, which enhances TNF-α-

mediated apoptosis and suppresses the unfolding protein response at the ER 7. 

 

In this article, we report the first structural and thermodynamic characterization of Phafin2. We 

show that Phafin2 is a nonglobular monomer that contains α-helical and β-sheet elements. 

Temperature- and chemical-induced denaturation studies indicate that Phafin2 transitions from 

native to denatured states, without the presence of long-lived intermediate states. Binding of 

Phafin2 to PtdIns(3)P occurs with nanomolar affinity, which is accompanied by local 

conformational changes in the protein. PtdIns(3)P-binding sites in Phafin2 are predicted to be 

located at conserved regions found in related PH and FYVE domains. 
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Results and Discussion 
 

Phafin2 is an elongated monomer 

Optimal overexpression of glutathione S-transferase (GST)-tagged Phafin2 was obtained in the 

presence of Zn2+, as the protein presents a C-terminal Zn2+ finger FYVE domain (Fig. 1A). 

Soluble GST-Phafin2 was immobilized on glutathione beads and the GST was removed by 

thrombin digestion. Recombinant Phafin2 remained soluble after removal of the GST tag. SDS-

PAGE analysis showed a protein band with a molecular mass of ~28 kDa (Fig. 1B), close to 

the theoretical molecular mass of Phafin2 (27,941 Da). Removal of protein aggregates and 

other minor protein contaminants was carried out using an FPLC-driven Superdex 75 size-

exclusion column (data not shown). MALDI-TOF was used to identify Phafin2, given the 

proximity of its molecular mass to GST’s molecular mass. Tryptic products of Phafin2 

accounted for ~77% amino acid sequence coverage of the protein, including its C-terminus 

(Tables 1 and S1). To address whether the Phafin2 N-terminus was also intact, the first 5 

residues from the N-terminus were also sequenced, identifying Gly-Ser-Met-Val-Asp, with the 

first two corresponding to the amino acids translated from the vector. Size-exclusion 

chromatography was employed to study the hydrodynamic properties of Phafin2. Phafin2 

consistently eluted as a single sharp peak with an estimated apparent molecular mass of ~42 

kDa, a value far from its theoretical molecular mass (Fig. 2A-B), suggesting that the protein 

exhibits an elongated structure. Dynamic light scattering (DLS) analysis indicated that more 

than 99% of the mass of Phafin2 was in a peak with an intensity-average value of ~ 7 nm at 

25oC (Fig. 2C). This data confirms that Phafin2 exhibits only one conformational state. 

Sedimentation velocity analytical ultracentrifugation (AUC) analysis showed that Phafin2 was 

monodispersed with an estimated molecular mass of 27,115 Da (Fig. 3), in close agreement 

with the predicted value for a monomeric state. Phafin2 displayed a sedimentation coefficient 

under standard conditions (S0
20,w) of 2.42 S and a frictional ratio (f/fo) of 1.35 (Fig. 3C). The 

f/fo ratio represents the frictional coefficient of an unknown molecule to that of an ideal 

spherical molecule of the same density and volume, which consequently, features the 

anisotropy of a molecule 8. The f/fo value of Phafin2, which is over 1, indicates that the protein 

is asymmetrical with a moderately elongated structure 9. 

 

Structural features of Phafin2 

Far-UV circular dichroism (CD) spectroscopy was carried out to study the secondary structural 

content of Phafin2. The spectrum of Phafin2 exhibited two minima at 208 and 226 nm (Fig. 
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4A), with the latter being more pronounced, suggesting that it is an α/β protein. By using the 

CDSSTR algorithm, the secondary structural content of Phafin2 was estimated to be 23% α-

helix, 21% β-strand, 15% β-turn, and 41% random coil (NRMSD= 0.018). The ratio of mean 

residue ellipticity (MRE) values at 222 and 208 nm can be used to characterize α-helices in 

proteins. A ratio of ~1.0 predicts that α-helices exhibit extensive interhelical contact in helical 

bundles and coiled coil regions, whereas a ratio of ~0.8 predicts limited interhelical contacts 10. 

The MRE values at 208 and 222 nm were -7,882.22 and -8,376.92 deg.cm2.dmol-1, respectively, 

giving a ratio of 1.06. Thus, far-UV CD analysis suggests that there are extensive interhelical 

contacts in Phafin2. Addition of the water-soluble phosphoinositide ligand, dibutanoyl 

PtdIns(3)P, did not induce secondary structural changes in the protein (Fig. 4A). The near-UV 

CD spectrum provides valuable information about the tertiary structure of a protein 11. Phafin2 

exhibits a spectrum dominated by the contributions of two positive bands from Trp residues, 

one negative band at 275 nm for Tyr and vibronic bands at 258 and 270 nm, which are often 

attributed to a region associated with Phe residues (Fig. 4B) (Phafin2 has three Trp, five Tyr, 

and nine Phe residues). Addition of water-soluble dibutanoyl PtdIns(3)P led to minor changes 

in the region comprising the aromatic regions, with the exception of the positive band at 294 

nm, a peak likely associated with Trp residues. Local conformational changes around one or 

more Trp residues in Phafin2 were also observed when the protein was titrated with water-

soluble dibutanoyl PtdIns(3)P. Addition of PtdIns(3)P decreased the intrinsic tryptophan 

fluorescence of the protein at 339 nm (Fig. 4C), suggesting that binding of the phosphoinositide 

changes the polarity of the environment near one or more Phafin2 Trp residues. 

 

Thermostability of Phafin2 

Far-UV CD at 222 nm was employed to monitor Phafin2’s thermal stability and to estimate its 

melting temperature (TM), that is, the temperature at which half of the protein is unfolded. 

Phafin2 denatured with a single transition over the range of 20 to 90 °C (Fig. 5). The TM for 

Phafin2 is 48.4 ± 0.6 °C. Significant precipitation was observed at the end of the denaturation 

curve, indicating that the transition was irreversible. 

 

NMR studies of Phafin2 

The structural properties of Phafin2 were further investigated by solution NMR spectroscopy. 

Fig. 6 shows that the 1H, 15N TROSY-HSQC spectrum of Phafin2 yielded a single set of 

resonances, indicating that the protein was highly homogenous at 30 °C. Also, ~235 HN cross-

peaks were identified, which is very close to the expected number (238). The presence of 



 33 

crowded resonances in the center of the 1H, 15N TROSY-HSQC spectrum of Phafin2 is 

consistent with the presence of random coil regions in the protein as deduced from far-UV CD 

analysis. NMR spectra of Phafin2 at higher temperatures than 30 °C were also recorded, 

yielding loss of resonances, and aggregation and precipitation of the protein (data not shown). 

 

Denaturant-induced unfolding of Phafin2 

To study protein folding, the standard Gibbs free energy in water (ΔG0
H2O) is the most relevant 

parameter for the quantification of protein stability. Furthermore, the linear extrapolation 

method is often used for determining ΔG0
H2O by the use of chemical denaturants, such as 

guanidine hydrochloride (GuHCl) and urea 12. To monitor denaturant-induced structural 

changes of Phafin2, we employed intrinsic tryptophan fluorescence and far-UV CD studies. 

Phafin2 emits a fluorescent emission maximum at 339 nm, but it shifts to 356 nm in the 

presence of 8 M urea or 6 M GuHCl (Fig. 7A). By representing the reduction of fluorescence 

intensity at 339 nm, we found that the unfolding curve of Phafin2 is sigmoidal (Fig. 7B). 

Thermodynamic analysis showed that the ΔG0
H2O was 4.07 and 3.80 kcal mol-1 for urea and 

GuHCl, respectively (Table 2 and Suppl. Fig. 1). Data analysis also indicated that Phafin2 was 

susceptible to unfolding, showing Cm (ΔG0
H2O/m) values of 3.42 and 1.30 M for urea and 

GuHCl, respectively (Table 2 and Suppl. Fig. 1). These parameters were also calculated by 

monitoring structural changes in Phafin2 at 222 nm using CD spectroscopy. The ΔG0
H2O and 

Cm values of Phafin2 for urea-induced unfolding were 4 kcal mol-1 and 3.45 M, respectively, 

whereas GuHCl-induced unfolding showed ΔG0
H2O and Cm values of 3.75 kcal mol-1 and 1.51 

M, respectively (Table 2 and Suppl. Fig. 1). Therefore, the Phafin2 thermodynamic parameters 

obtained by two independent methodologies were similar. By comparing the urea-induced 

unfolding traces obtained by intrinsic tryptophan fluorescence and CD, the Phafin2 structure 

remained unchanged up to ~2 M of urea concentration and reached a maximum denaturation 

at ~4.5 M of the denaturant. In the case of GuHCl-mediated denaturation, the Phafin2 structure 

was stable at ~0.5 M of GuHCl concentration, but achieved full denaturation at ~3 M of the 

denaturant using both methodologies. Unfolding of small globular proteins occurs through a 

process that conforms to the two-state mechanism 12; however elongated proteins, such as the 

Notch ankyrin domain 13, spectrin 14, and the bacterial surface protein SasG 15, among others, 

exhibit chemical denaturation sigmoidal plots. In this scenario, the population level of 

intermediate states is insignificant 16. The denaturation curves of Phafin2 indicate that the 

protein follows a two-state mechanism without the presence of intermediate states. The 

presence of a single steep transition in these curves suggests that the Phafin2 PH and FYVE 
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domains are thermodynamically coupled, possibly due to inter-domain interactions, as 

observed in other multi-domain containing proteins 17-19. 

 

Analysis of Phafin2 association to PtdIns(3)P 

To obtain a more quantitative measurement of PtdIns(3)P binding to Phafin2, we performed  

surface plasmon resonance (SPR) binding analysis using liposomes immobilized on an L1 

sensor chip. Measurements were carried out relative to a sensor chip surface containing 100% 

phosphatidylcholine. Phafin2 bound to PtdIns(3)P liposomes with a fast association rate, but 

the steady state was transient and response dropped slightly at the end of the injection (Fig. 

8A). The interaction best fit the two-state conformational change model, in agreement with the 

local conformational changes induced by the phosphoinositide (Fig. 4B-C), with an estimated 

dissociation constant (KD) of 285 ± 80 nM (χ2=3.5 RU2). This value is in agreement with the 

phosphoinositide affinity values calculated for other PH and FYVE domain-containing 

proteins 20. PH domains strongly bind to poly-phosphoinositides and are mediated, in most 

cases, by the basic KXn(K/R)XR motif 21, which is represented by the sequence 49-KPKAR-

53 sequence in the Phafin2 PH domain. Binding of the PH domain to mono-phosphate 

phosphoinositides, such as the case for the Phafin2 PH domain 2 is rare; a well-documented 

example is the GLUE domain of Vps36, which shows a split PH-domain fold that specifically 

binds PtdIns(3)P in a mode that differs from other phosphoinositide-binding domains 22. On 

the other hand, FYVE domains bind specifically to PtdIns(3)P with reports showing binding 

affinities for the lipid ranging from nanomolar to micromolar concentrations 23. Lipid and 

membrane insertion of the FYVE domain is mediated by three consensus sequences, WxxD, 

RR/KHHCR, and RVC motifs 20, all of which are present in the Phafin2 FYVE domain. A 

model of the structure of human Phafin2 (Fig. 8B) was obtained from its protein sequence and 

homology modeling using Phyre2 24 with >90% accuracy using the 5 closest templates (PDB 

accession codes 3KY9, 1JOC, 3BJI, 2YQM, 2VRW). The elongated predicted structure shows 

the two putative PtdIns(3)P-dependent membrane-binding sites located at predominantly 

flexible regions (Fig. 8B-D). In addition to PtdIns(3)P, it is possible that the FYVE and PH 

domains associate to other lipid ligands through acidic electrostatic interactions 25, which may 

be required for Phafin2 targeting to endomembrane compartments. 

 

Conclusions 
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In conclusion, we demonstrate that Phafin2 is an α/β moderately elongated and stable monomer. 

Unfolding traces that were measured using urea and GuHCl indicate that Phafin2 denatures in 

a two-state transition model. The lack of an intermediate state suggests that the PH and FYVE 

domains cooperate during the unfolding process. Phafin2 interacts with PtdIns(3)P with 

nanomolar affinity, inducing local conformational changes in its tertiary structure. The 

PtdIns(3)P binding sites are predicted to be located in flexible regions in the protein. The 

quality of the purified and stable Phafin2 at room temperature makes the protein appropriate 

for solution NMR structural studies, which can contribute to a better understanding of its 

molecular interactions in PtdIns(3)P-enriched endomembrane compartments. 

 

Material and Methods 
 

Protein expression and purification 

The Phafin2 cDNA was isolated from a human liver cDNA library (Clontech) by PCR and cloned 

into a pGEX4T3 vector (GE Healthcare). Protein was expressed in Escherichia coli (Rosetta; 

Stratagene). Bacterial cells were grown in Luria-Bertani media at 37 °C until cells reached an 

optical density of ~0.8. Induction of the GST fusion Phafin2 resulted from the addition of 1 mM 

isopropyl β-D-1-thiogalactopyranoside and 1 M ZnCl2 followed by 4-h incubation at 25 °C. 

Phafin2 was purified using the glutathione bead-based procedure as previously described 26. 

Proteins were further purified using an FPLC-driven Superdex 75 column (GE Healthcare) 

previously equilibrated with 50 mM Tris-HCl (pH 8) and 0.5 M NaCl. Fractions containing the 

purified protein were pooled and concentrated in the indicated buffers for biochemical or 

biophysical analysis. Protein concentration was calculated using the UV-light absorbance 

method at 280 nm. 

 

Mass spectrometry and N-terminal sequencing analyses 

Phafin2 (50 mM Tris-HCl, pH~8) was reduced with 1,4-dithiothreitol (5 mM) in the presence 

of urea (8 M), and digested with trypsin at a substrate-enzyme ratio of 50:1 w/w (37 °C, 

overnight). After cleanup with a C18 cartridge, a solution of Phafin2 (0.5 µM, 8 µL) was 

injected in a micro HPLC system (HPLC 1100, Agilent Technologies) and delivered for MS 

analysis at ~180 nL/min with a 4 h long gradient of 10 % to 100 % solvent B (where solvent 

A was H2O:CH3CN:TFA, 98/2/0.01 v/v; and, solvent B was H2O:CH3CN:TFA, 10/90/0.01 

v/v). The HPLC system was adapted in-house to operate in the nano flow mode. MS analysis 
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was performed with a linear trap quadruple MS system (Thermo Electron, San Jose, CA) with 

the ESI voltage set at +2.0 kV. Tandem MS data were acquired using data dependent analysis 

on the top 5 most intense peaks using parameters described in 27. The database search was 

performed with Proteome Discoverer 1.4 (Thermo Electron) against an E. coli database 

appended with the sequence of Phafin2. The E. coli database was used to enable the 

identification of possible contaminants from the expression system of Phafin2. Post-

translational modifications were not allowed in the search, the allowed missed cleavage sites 

was set to 2, and the false discovery rate was set at <3 % 28. Using these experimental conditions, 

Phafin2 (Q9H8W4) could be identified by up to 29 unique peptides accounting for a sequence 

coverage over 70%. Intact Phafin2 was also subjected to N-terminal sequencing at the Tufts 

University Core Facility (Boston, MA). 

 

Sedimentation velocity analytical ultracentrifugation 

Sedimentation velocity AUC was carried out at the Center for Analytical Ultracentrifugation 

of Macromolecular Assemblies at the University of Texas Health Science Center, San Antonio 

using a Beckman Optima XL-I analytical ultracentrifuge with absorbance and interference 

optical detection systems (Beckman Coulter). Sedimentation velocities were analyzed using 

the UltraScan3 software suite as described [29, http: //www.ultrascan.uthscsa.edu]. Phafin2 (10 

M was prepared in a buffer containing 8 mM Tris-HCl (pH 7.3) and 50 mM NaCl. Absorbance 

data was obtained at a wavelength of 230 nm at 20 C, and at a rotor speed of 50,000 rpm using 

standard double-channel centerpieces. Data were first subjected to 2D spectrum analysis with 

simultaneous removal of time-invariant noise 30 followed by a parametrically constrained 

spectrum analysis - Monte Carlo analysis 31. 

 

Dynamic light scattering 

DLS experiments were performed at 25 C using a Malvern Zetasizer Nano-ZS instrument. 

DLS studies were with Phafin2 (0.8 mg/ml) in 5 mM sodium citrate (pH 7.3) and 50 mM KF. 

Each run was recorded for 120 s and three accumulated runs were averaged with protein 

samples previously equilibrated for 2 min. 

 

Circular dichroism spectroscopy 

Far-UV CD spectra were obtained using Phafin2 (20 M) in 5 mM sodium citrate (pH 7.3) and 

50 mM KF on a Jasco J-815 spectropolarimeter. Spectra were collected in a 1-mm path length 
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quartz cell at 25 C. Three accumulated scans of the protein from 250 to 190 nm were recorded 

using a bandwidth of 1-nm and a response time of 1 s at a scan speed of 20 nm/min. Secondary 

structure content of Phafin2 was estimated using the CDSSTR algorithm available at 

Dichroweb (http://dichroweb.cryst.bbk.ac.uk/html/process.shtml). Three accumulated near-

UV CD spectra of Phafin2 (40 M) were collected using a 1-mm path length at 20 nm/min 

between 350 and 250 nm with a response time of 1 s and a data pitch of 0.5 nm. All CD spectra 

were corrected for buffer background. Far-UV CD signal changes at 222 nm were monitored 

as a function of increasing temperature from 20 to 90 °C, with steps of 1 °C and with an 

equilibration time of 30 sec at each temperature before recording a reading. For the urea- and 

GuHCl-induced unfolding experiments, Phafin2 was incubated for 1 h at room temperature 

with the indicated concentrations of the denaturant before the spectra were recorded. 

 

Tryptophan fluorescence 

Intrinsic tryptophan fluorescence emission spectra of Phafin2 (0.25 μM), in 5 mM sodium 

citrate (pH 7.3) and 50 mM KF, were recorded after excitation of the protein at 295 nm on a 

Jasco J-815 spectropolarimeter. Emission spectra were collected between 300-400 nm using a 

10-mm quartz cuvette at room temperature. Phafin2 was titrated with increasing concentrations 

of PtdIns(3)P (0.25-8.0 μM). For the urea- and GuHCl-induced unfolding experiments, Phafin2 

was incubated for 1 h at room temperature with the indicated concentrations of the denaturant 

before the spectra were recorded. 

 

NMR spectroscopy 

NMR experiments of 1H, 15N Phafin2 (200 μM) in 20 mM d11Tris-HCl (pH 7.3), 100 mM NaCl, 

2 mM d18 DTT, 1 mM NaN3, 10% D2O were performed on a Bruker AVANCE III 800 MHz 

NMR spectrometer equipped with a cryoprobe (University of Virginia). Two dimensional 

[15N,1H]-transverse relaxation optimized spectroscopy (TROSY)-heteronuclear single 

quantum coherence (HSQC) was performed for the protein sample. Data were processed and 

analyzed using Topspin 3.2 and NMRpipe 32. 

 

Analysis of denaturant unfolding transitions 

The transition curves acquired after representing each spectral property (i.e., fluorescence 

changes of Phafin2 from F339 to F356, CD spectral changes of Phafin2 at 222 nm) against 

denaturant concentration were analyzed to calculate the Gibbs free energy of unfolding 
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(ΔG0
H2O) in the absence of denaturant. To calculate ΔG0

H2O for each spectral analysis, a model 

in which monomeric native Phafin2 (fN) was converted to a denatured (fD) form without the 

presence of highly populated intermediates was first considered. This state, known as the 

equilibrium two-state is represented as: 

 

Keq= fD/ fN                              (1) 

 

The estimation of Keq was used to calculate the dependence of the standard Gibbs energy of 

denaturation for each denaturant concentration (ΔG) using the relation: 

 

ΔG= -RT ln Keq = -RT ln (fD/1-fD)                                      (2) 

 

where R is the universal gas constant (1.986 cal mol-1 K-1) and T is the temperature on the 

Kelvin scale. The ΔG value varies linearly with denaturant concentration following the 

equation: 

 

ΔG (x) = ΔG0
H2O + m[x]                     (3) 

where [x] is the molar concentration of the denaturant and m is the slope of the plot. Thus, 

linear plots of ΔG versus denaturant concentration were obtained. Data was fitted to the 

nonlinear least-squares method using Microsoft Excel (Microsoft Corporation, Redmond WA) 

for the calculation of the ΔG0
H2O and m for each experimental condition 12. Using these 

parameters, the Cm, the denaturant concentration at the midpoint of the unfolding transition 

when ΔG is 0, was estimated. Similarly, the TM of Phafin2 was calculated by following the 

denaturation of the protein by its CD ellipticity at 222 nm and by determining the temperature 

at which ΔG is 0 using equation 2. 

 

SPR analysis 

Liposomes were prepared as previously described 33. Briefly, lipids including 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphatidylcholine (DOPC; control), or DOPC and dipalmitoyl 

PtdIns(3)P (1.5%) were dissolved in chloroform/methanol/water (65:35:0.8). The lipid mixture 

was first dried under N2 and further under vacuum to remove residual chloroform. 

Phospholipids were resuspended in 20 mM HEPES (pH 7.0) and 100 mM NaCl to a final 

concentration of 4 mM, sonicated, and extruded for 100-nm liposome size at 65 C. SPR 
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analysis was performed on a BIAcore X100 instrument with a liposome-coated L1 sensor chip 

at room temperature. Typical liposome loading was ~5,000 RU/channel. Kinetic SPR 

measurements were performed with the flow rate set at 30 μl/min. Apparent KD values were 

estimated using the BIAevaluation software, version 2.0 (GE Healthcare). Experiments 

determining KD values for PtdIns(3)P were carried out by collecting four independent 

experiments. 
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Table 1. Identification of human Phafin2. MS/MS results obtained on peptides generated by 

trypsin proteolysis of Phafin2. 

 

     Peptide         Phafin2                                       Sequence 

           1         14-34                   RISIVENCFGAAGQPLTIPGR 

           2         15-44        ISIVENCFGAAGQPLTIPGRVLIGEGVLTK 

           3         35-47                              VLIGEGVLTKLCR 

           4         74-97                 YNKQHIIPLENVTIDSIKDEGDLR 

           5        98-107                                  NGWLIKTPTK 

           6       108-119                               SFAVYAATATEK 

           7       120-128                                   SEWMNHINK 

           8       137-163           SGKTPSNEHAAVWVPDSEATVCMRCQK 

           9       140-165             TPSNEHAAVWVPDSEATVCMRCQKAK 

         10       177-191                             KCGFVVCGPCSEKR 

         11       191-202                               RFLLPSQSSKPVR 

         12       192-223     FLLPSQSSKPVRICDFCYDLLSAGDMATCQPAR 

         13       224-249            SDSYSQSLKSPLNDMSDDDDDDDSSD 
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Table 2. Thermodynamic parameters obtained from urea- and GuHCl-induced denaturation of 

Phafin2. 

 

Condition Probe   ΔG0
H2O (kcal mol-1)    m, kcal mol-1 M-1   Cm, M 

Urea Fluorescence              4.07             1.19   3.42 

 CD              4.00             1.16   3.45 

GuHCl Fluorescence              3.80             2.93   1.30 

 CD              3.75             2.48   1.51 
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Figure legends: 

 

Figure 1. Purification of human Phafin2. (A) Modular organization of Phafin2. (B) SDS-

PAGE showing IPTG-induced overexpression and purification of GST-Phafin2. 

 

Figure 2. Phafin2 is an elongated monomer. (A) Analytical size-exclusion chromatography 

showing that Phafin2 eluted between ovalbumin and chymotrypsinogen A. The standards were: 

BSA (67 kDa), ovalbumin (44 kDa), chymotrypsinogen (25 kDa), myoglobin (17 kDa), and 

cytochrome C (12.4 kDa). (B) SDS-PAGE showing the purity and size of Phafin2 from the 

chromatographic peak displayed in (A). (C) DLS plot of Phafin2 at 25 C. 

 

Figure 3. Sedimentation velocity AUC analysis of Phafin2. (A) Representative interference 

scans of Phafin2 tracked during AUC. (B) Representative residuals obtained from the data 

fitting analysis described in Methods. (C) Representative molecular mass distribution of 

Phafin2 in relationship with its frictional ratio and partial concentration of the protein. 

 

Figure 4. Phafin2 is an α/β protein that undergoes local conformational changes upon 

PtdIns(3)P binding. (A) Far-UV CD spectra of Phafin2 in the absence and presence of 2-fold 

PtdIns(3)P. (B) Near-UV CD spectra of Phafin2 in the absence and presence of 2-fold 

PtdIns(3)P. (C) Intrinsic tryptophan fluorescence of Phafin2 titrated with PtdIns(3)P. 

 

Figure 5. Thermostability of Phafin2. Thermal denaturation plot of Phafin2 monitored by CD 

spectroscopy. Data represents an average of three independent experiments. 

 

Figure 6. NMR studies of Phafin2. TROSY-HSQC spectrum of 1H, 15N-labeled Phafin2 

collected at 30 C. 

 

Figure 7. Urea- and GuHCl-mediated denaturation of Phafin2 followed by tryptophan 

fluorescence and CD spectroscopy. (A) Fluorescence emission spectra of Phafin2 in the 

absence (solid line) and presence of 6 M urea (dashed line) or 8 M GuHCl (dotted line). (B) 

Changes in the fluorescence intensity of Phafin2 at 339 nm induced by increasing urea (filled 

circles) or GuHCl (empty circles) concentrations. (C) Changes in the CD ellipticity of Phafin2 

at 222 nm induced by increasing urea (filled circles) or GuHCl (empty circles) concentrations. 
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Figure 8. Analysis of Phafin2 binding to PtdIns(3)P. (A) Raw SPR sensorgram for the 

association of Phafin2 to PtdIns(3)P liposomes, in which the lipid was incorporated in 

liposomes containing dioleoyl phosphatidylcholine and immobilized onto an L1 sensorchip 

flow cell. The other flow cell contained dioleoyl phosphatidylcholine liposomes employed as 

a control. Binding kinetics were recorded at room temperature. The concentrations of Phafin2 

flown on the sensor chip are color-coded. a.u., arbitrary units. Data is a representation of four 

independent experiments. (B) Structure of human Phafin2 modeled using Phyre2. The potential 

PtdIns(3)P-dependent membrane-binding sites in the PH domain (left, in olive) and in the 

FYVE domain (right, in pink) are boxed. (D-E) A close-up view of the putative PtdIns(3)P-

binding sites in the PH (C) and FYVE (D) domains. The regions displayed correspond to the 

49-KPKAR-53 motif in the PH domain and the 149-WVPD-152, 171-RRHHCR-176, and 202-

RVC-204 motifs in the FYVE domain. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 53 

Figure 7. 
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Figure 8. 
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Table S1. Identification of human Phafin2. MS/MS results obtained on additional 16 peptides 

generated by trypsin proteolysis of Phafin2. 

 

     Peptide         Phafin2                                       Sequence 

           1         15-34 ISIVENCFGAAGQPLTIPGR 

           2         35-44 VLIGEGVLTK 

           3         74-91 YNKQHIIPLENVTIDSIK 

           4         77-91 QHIIPLENVTIDSIK 

           5         77-97 QHIIPLENVTIDSIKDEGDLR 

           6        77-103 QHIIPLENVTIDSIKDEGDLRNGWLIK 

           7       104-119 TPTKSFAVYAATATEK 

           8       107-128 SFAVYAATATEKSEWMNHINK 

           9       137-160 SGKTPSNEHAAVWVPDSEATVCMR 

          10       140-160 TPSNEHAAVWVPDSEATVCMR 

          11       140-163 TPSNEHAAVWVPDSEATVCMRCQK 

          12       177-190 KCGFVVCGPCSEK 

          13                   178-190 CGFVVCGPCSEK 

          14       192-202 FLLPSQSSKPVR 

          15       203-223 ICDFCYDLLSAGDMATCQPAR 

          16       233-249 SPLNDMSDDDDDDDSSD 
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Supplementary Figure 1. Gibbs free energy change (G) in the transition region plotted as a 

function of the denaturant concentration. (A-B) Urea denaturation plots of Phafin2 monitored 

by intrinsic tryptophan fluorescence (A) and far-UV circular dichroism (B). (C-D) Guanidine 

hydrochloride denaturation plots of Phafin2 monitored by intrinsic tryptophan fluorescence (C) 

and far-UV circular dichroism (D). The G0
H2O was estimated from the intercept on the Y axis 

using the linear extrapolation method. 
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Abstract 
 

Changes in membrane curvature are required to control the function of subcellular 

compartments; malfunctions of such processes are associated with a wide range of human 

diseases. Membrane remodeling often depends upon the presence of phosphoinositides, which 

recruit protein effectors for a variety of cellular functions. Phafin2 is a phosphatidylinositol 3-

phosphate (PtdIns3P)-binding effector involved in endosomal and lysosomal membrane-

associated signaling. Both the Phafin2 PH and the FYVE domains bind PtdIns3P, although 

their redundant function in the protein is unclear. Through a combination of lipid-binding 

assays, we found that, unlike the FYVE domain, recognition of the PH domain to PtdIns3P 

requires a lipid bilayer. Using site-directed mutagenesis and truncation constructs, we 

discovered that the Phafin2 FYVE domain is constitutive for PtdIns3P binding, whereas PH 

domain binding to PtdIns3P is autoinhibited by a conserved C-terminal acidic motif. These 

findings suggest that binding of the Phafin2 PH domain to PtdIns3P in membrane 

compartments occurs through a highly regulated mechanism. Potential mechanisms are 

discussed throughout this report. 

 

 

Keywords: Phafin2; FYVE domain; PH domain; phosphatidylinositol 3-phosphate; surface 

plasmon resonance; isothermal titration calorimetry. 
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1. Introduction 
 

Membrane remodeling is an essential process that controls flux through subcellular 

compartments.  Malfunctions have been linked to a number of human diseases including cancer, 

immune disorders, and muscular and neuronal diseases [1]. Membrane remodeling for cellular 

events, such as for tethering, fusion, fission, or bending, is often driven by phosphoinositides 

[2]. These lipids, despite having very low-abundance, recruit phosphoinositide-binding protein 

effectors when they cluster together, triggering a wide variety of membrane-associated 

processes. An example of this is observed in cellular autophagy (self-eating), in which 

phosphoinositides are the master regulators. Due to their inverted cone shape, 

phosphoinositides facilitate membrane bending in autophagic organelles [3]. Furthermore, 

recruitment of protein effectors to the plasma membrane or to lysosomal membranes inhibit or 

activate autophagy, respectively, depending upon what phosphoinositide is produced [4]. 

 

The pro-autophagic protein effector Phafin2 is an elongated monomer [5] that contains an N-

terminal PH (Pleckstrin Homology) domain followed by a central FYVE (Fab1, YOTB, Vac1, 

and EEA1) domain. Both domains are proposed to bind phosphatidylinositol 3-phosphate 

(PtdIns3P) [6], a major phosphoinositide found at endosomal and lysosomal membrane 

surfaces [7]. Phafin2 induces autophagy when coupled with lysosomal PtdIns3P and the 

serine/threonine kinase v-AKT murine thymoma viral oncogene homolog (AKT) [6]. The 

Phafin2/AKT/PtdIns3P complex is required for bacterial digestion and lipopolysaccharide-

induced autophagy in macrophages [6]. Genetic polymorphism of Phafin2 has been associated 

with high levels of interferon- in patients with systemic lupus erythematosus [8], providing a 

link between the reported deficiencies in autophagy and this inflammatory disease [9]. 

 

In a PtdIns3P-dependent process, Phafin2 binding to endosomal membranes is required to 

control Rab5 activity by an uncharacterized mechanism [10] and to promote endosomal 

enlargement, a process that has also been observed to be mediated by other Phafin family 

proteins, including Phafin1 and Rush [10-13]. Indeed, Phafin2 associates to the early endosome 

antigen 1 (EEA1), an endosomal protein that controls protein trafficking and membrane fusion 

events via its FYVE domain [11]. More recently, Phafin2 has been shown to escort 

macropinosomes in a PtdIns3P-dependent process and by association to the actin crosslinking 

protein Filamin A [14]. 
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The PH domains are ~100-amino acid globular modules found in proteins involved in cell 

signaling and as components of the cytoskeleton [15]. Despite displaying low sequence 

conservation, most of their structures are characterized by the presence of seven -strands, 

which form two perpendicular anti-parallel -sheets, and a short -helix at the C-terminus [16]. 

Most PH domains are lipid-binding modules that exhibit a wide range of specificities for 

membrane phosphoinositides [16]; however, some are also reported to mediate protein-protein 

interactions [17]. The PH domains are classified into four distinct classes based on their 

preferences for phosphoinositide binding [18]. Whereas the most common phosphoinositide 

ligands for PH domains are the polyphosphorylated phosphoinositides, few PH domains are 

reported to directly bind PtdIns3P. Some that do are those found in the vacuolar protein-sorting 

associated protein 36 (Vps36) [19] and Toxoplasma gondii PH-containing protein-1 (TgPH1) 

[20]. The FYVE domains, on the other hand, are small zinc-binding modules that, in most cases, 

specifically bind to PtdIns3P and serve as a bridge for numerous cytosolic proteins to be 

recruited at PtdIns3P-containing membrane compartments, including endosomes, phagosomes, 

lysosomes, and multivesicular bodies. The exception is the FYVE-like domain of caspase 8/10-

associated RING protein 2 (CARP2), which is unable to bind PtdIns3P or insert into lipid 

bilayers due to structural differences and a lack of critical PtdIns3P-binding residues found in 

canonical FYVE domains [21]. Other FYVE domains, such as those found in the Fgd proteins, 

have been suggested to display broader specificity for phosphoinositides [22]. Structurally, 

FYVE domains exhibit a common fold comprising two double-stranded antiparallel -sheets 

and two -helices [23]. As demonstrated for the EEA1, hepatocyte growth factor-regulated 

tyrosine kinase substrate (Hrs), RUN and FYVE domain containing 1 (RUFY1), and WD 

repeat and FYVE domain-containing protein 1 (WDFY1) containing-FYVE domain proteins, 

binding to PtdIns3P is driven by two proximal histidine residues and occurs in a pH-dependent 

manner [24]. Curiously, binding of the Phafin2 FYVE domain to PtdIns3P appears to be pH-

independent [25]. Most FYVE domain-containing proteins control endosomal fusion events as 

well as endosomal protein trafficking [26]. In addition to PtdIns3P, few PH and FYVE-

containing proteins were reported to display a hydrophobic insertion loop that serves as a 

supplementary point of contact for nonspecific electrostatic interactions with membrane acidic 

lipids [27, 28]. 
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As Phafin2 presents a PH domain followed by a FYVE domain, both of which are reported to 

bind PtdIns3P, we investigated whether each domain displays unique features that distinguish 

one from the other and, thus, should avoid redundancy in lipid binding.  Using a combination 

of lipid binding assays, we demonstrated that in Phafin2, the FYVE domain binds 

constitutively to PtdIns3P, whereas binding of the PH domain to the phosphoinositide is 

downregulated by a conserved C-terminal acidic motif. Furthermore, we show that the Phafin2 

PH domain binds PtdIns3P only when the phosphoinositide is embedded in a lipid bilayer. 

Possible scenarios of PH domain activation for PtdIns3P binding are discussed in this report. 

 

2. Material and methods 
 

2.1. Materials 

Dibutanoyl and dipalmitoyl PtdIns3P were purchased from Echelon Biosciences, whereas 

dioleoyl phosphatidylcholine (PtdCho) and dioleoyl phosphatidylserine (PtdSer) were obtained 

from Avanti Lipids. 

 

2.2. Cloning and mutagenesis of Phafin2 

Human Phafin2 cDNA was amplified from a human liver cDNA library (Clontech) by PCR and 

ligated into a pGEX4T3 vector (GE Healthcare). The PH (residues 1-135) and FYVE (residues 

145-212) domains were subcloned into pGEX6P1 and pGEX4T3 vectors (GE Healthcare), 

respectively, between BamH1 and EcoRI restriction enzyme sites. Deletion of the polyD region 

at the C-terminus of Phafin2 consisted of the removal of residues 240-249. All these constructs 

were used as templates for producing the reported mutants by employing site-directed 

mutagenesis. 

 

2.3. Expression and purification of recombinant proteins 

Proteins were expressed in Escherichia coli (Rosetta; Stratagene). Protein overexpression and 

purification were performed as previously reported [5]. 

 

2.4 Protein-lipid overlay assay 

Membrane strips were prepared by immobilizing 1 μl of the indicated amount of PtdIns3P 

dissolved in chloroform/methanol/water (65:35:8) onto Hybond-C extra membranes (GE 

Healthcare) and dried for 1 h at room temperature. To avoid nonspecific protein binding, 

membrane strips were blocked with 3% (w/v) fatty acid-free BSA (Sigma) in 20 mM Tris-HCl 
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(pH 8.0), 150 mM NaCl, and 0.1 % Tween-20 for 1 h at room temperature. Blocked membranes 

were incubated with GST fusion proteins (1 g/mL) in the same buffer overnight at 4°C. After 

four washes with the same buffer without fatty acid-free BSA, bound proteins were first probed 

with rabbit anti-GST antibodies (Proteintech) followed by incubation with donkey anti-rabbit-

horseradish peroxidase antibodies (GE Healthcare). Visualization of protein binding to 

PtdIns3P was possible by the use of the Supersignal West Pico chemiluminescent reagent 

(Pierce). 

 

2.5. Liposome sedimentation assay 

PtdCho liposomes, with or without either 10% PtdIns3P or 20% PtdSer, were prepared by 

hydration of a lipid film with a buffer containing 20 mM HEPES, pH 7.3, 100 mM NaCl, 

followed by extrusion using 100-nm membranes (Avanti Polar Lipids). Two hundred 

microliters of liposomes (~2 mg/ml lipid) were mixed with 200 l of untagged protein (20 M) 

and incubated for 1 h at room temperature. Protein bound to liposomes was sedimented by 

ultracentrifugation at 45,000 rpm (rotor TYPE 50.4 Ti; Beckman Coulter) for 1 h at 20 °C. 

Pellet and supernatant protein fractions were analyzed by SDS-PAGE. Semi-quantifications of 

protein binding to PtdIns3P- and PtdSer-containing liposomes were carried out by incubating 

the indicated untagged protein (20 M) with liposomes containing the indicated concentrations 

of either PtdIns3P or PtdSer. Curve fitting was performed using GraphPad Prism. Binding data 

best fit the one-site binding (PH and FYVE domains with PtdIns3P) or specific binding with 

Hill slope (Phafin2 with PtdIns3P and PH domain with PtdSer) to estimate their corresponding 

apparent dissociation constant (KD). 

 

2.6. Surface plasmon resonance 

Collection of surface plasmon resonance (SPR) data was performed on a BIAcore X100 

instrument with a 100-nm-liposome-coated L1 sensorchip at room temperature. Phospholipids, 

including PtdCho (control), or PtdCho and PtdIns3P (1.5%), were solubilized in 

chloroform/methanol/water (65:35:0.8). The mixture was then dried under N2 followed by 

vacuum to remove traces of chloroform. Lipid mixture was then resuspended in 20 mM HEPES 

(pH 7.0) and 100 mM NaCl to reach a final concentration of 4 mM, sonicated, and extruded 

for 100-nm liposome size at 65 C. L1 sensorchips (GE Healthcare) with 20 mM HEPES (pH 

7.0) and 100 mM NaCl as a running buffer were employed in all experiments. L1 sensorchip 

pretreatment was carried out using 40 mM octyl -D-glucopyranoside. Then, at a 30 l/min 
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flow rate, PtdCho liposomes were immobilized onto one of the L1 sensorchip channels whereas 

a second channel was loaded with PtdIns3P-containing liposomes. Typical liposome loading 

was ~5,000 response units/sensorchip channel. The BIAevaluation software, version 2.0 (GE 

Healthcare), was used to estimate the apparent KD values. 

 

2.7. Isothermal titration calorimetry 

Isothermal titration calorimetry (ITC) measurements were carried out in 20 mM HEPES, pH 

7.3, 100 mM NaCl. Water soluble dibutanoyl PtdIns3P at a concentration of 120 M was 

titrated into 300 l of 12-14 M of untagged protein in a series of twelve injections of 3 l 

each using a MicroCal PEAQ (Malvern) equilibrated at 25 °C. To test Phafin2 FYVE-PH 

domain interaction, 330 M of untagged Phafin2 FYVE domain was titrated into 58 M of 

untagged Phafin2 PH domain. All experiments were performed at least in triplicate. Data were 

analyzed using MicroCal PEAQ-ITC analysis software. 

 

2.8. Circular dichroism spectropolarimetry 

Far-UV circular dichroism (CD) spectra for all proteins were recorded using a Jasco J-815 

spectropolarimeter with a temperature-controlled cell holder connected to a Peltier unit. 

Untagged Phafin2 proteins (20 M each) were prepared in 5 mM sodium citrate (pH 7.3) and 

50 mM KF. Five accumulated CD protein spectra were acquired at 25 °C with a scan speed of 

50 nm/min and a response time of 1 s in a 1-mm path length quartz cell using a bandwidth of 

1-nm. The estimated secondary structure content of the proteins were calculated using the 

CDSSTR algorithm available at the DICHROWEB server [29]. Final CD protein spectra were 

corrected for buffer background. Near-UV region measurements were recorded in a 1-mm cell 

containing 80 μM untagged proteins in 5 mM sodium citrate (pH 7.3) and 50 mM KF. Final 

CD protein spectra were corrected for buffer background. 

 

3. Results and discussion 
 

3.1. Mutations in the FYVE domain are sufficient to impair Phafin2 binding to PtdIns3P 

Using the lipid-protein overlay assay, Phafin2 preferentially bound to PtdIns3P as observed 

with the PtdIns3P-binding Vamp7p PX domain (Supplementary Fig. S1A). This was 

consistent with an earlier report [6]. Also, combined mutations within the PH (R53C) and 

FYVE (R171/R172A) domains (Fig. 1A), which were previously reported in Phafin2 [6], 
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abolished PtdIns3P binding (Supplementary Fig. S1B) without altering the structure of the 

protein (Supplementary Fig. S1C-D). We then investigated Phafin2 interactions with 

PtdIns3P using mimics of lipid bilayers such as by the use of 100-nm liposomes. PtdIns3P-

dependent binding capacity was significantly reduced when Phafin2 was mutated in both 

domains (Fig. 1B). Using SPR detection, we estimated that Phafin2 bound PtdIns3P-liposomes 

with an apparent KD of ~0.4 μM (Supplementary Fig. S2A), which was consistent with 

previous measurements [5]. As expected, Phafin2 R53C/R171A/R172A was unable to bind 

PtdIns3P-containing liposomes using SPR (Supplementary Fig. S2B). Next, we evaluated 

whether Phafin2 can bind water soluble dibutanoyl PtdIns3P using ITC. The critical micellar 

concentration for dioctanoyl PtdIns3P is 700±200 μM [30]. Because the final concentration of 

dibutanoyl PtdIns3P in the ITC sample cell ranges between 1.2-15 μM during titration, the lipid 

is expected to be primarily in a monodispersed form. Binding of water soluble PtdIns3P to 

Phafin2 was exothermic with the resulting isotherm best fitting a one binding site model (Fig. 

1C) with a KD of 3.21 μM and a G of -7.51 kcal mol-1 (Table 1). Despite both the PH and 

FYVE domains being considered to be PtdIns3P-binding domains, unexpectedly, Phafin2 

isotherms did not fit a two-binding site model (data not shown). Soluble PtdIns3P was also 

titrated into Phafin2 using tryptophan fluorescence and data best fit a one-site binding model 

with a resultant KD of 1.9±0.4 μM (Supplementary Fig. S2C), which is very close to that 

estimated using ITC. The Phafin2 R53C/R171A/R172A mutant was impaired for binding to 

water-soluble PtdIns3P (Supplementary Fig. S2D), in agreement with the results obtained 

using PtdIns3P-containing liposomes (Fig. 1B and Supplementary Fig. S2B). 

 

As ITC data suggested the presence of a single PtdIns3P-binding site in Phafin2, we next 

investigated whether both the PH and FYVE domains bind PtdIns3P in Phafin2 using the 

liposome sedimentation assay. Surprisingly, a mutation in the PH domain (Phafin2 R53C) did 

not alter Phafin2 binding to PtdIns3P-embedded liposomes, whereas mutations in the FYVE 

domain (Phafin2 R171A/R172A) were sufficient to significantly diminish lipid binding, 

mimicking the combined mutations in the PH and FYVE domains (Fig. 1B). Similar results 

were obtained using ITC, in which Phafin2 R53C bound soluble PtdIns3P with an affinity close 

to that observed for the wild type protein (Fig. 1D; Table 1). Also, mutations in the FYVE 

domain impaired Phafin2 binding to the soluble phosphoinositide (Fig. 1E). Overall, our 

results show that mutations in the FYVE domain are necessary and sufficient to completely 

abolish Phafin2 binding to PtdIns3P independent of the presence of a lipid bilayer. 
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3.2. The isolated PH and FYVE domains display unique properties for PtdIns3P binding 

Previous reports suggest that the Phafin2 PH domain preferentially binds PtdIns3P [6, 14]. 

However, we were unable to detect the contribution of the PH domain in PtdIns3P binding in 

Phafin2. Our results then prompted us to isolate both the PH and FYVE domains of Phafin2 

and analyze their functionality. To confirm that the boundaries of each domain were properly 

chosen, we collected CD spectra to characterize their structural features. At the far-UV region, 

the isolated PH domain showed two minima at 208 and 226 nm, indicating the presence of an 

/ structure (Fig. 2A) with an estimated 20% -helical and 27% -sheet content. Although 

most PH domains are characterized by enriched -stranded structures, few noncanonical PH 

domains exhibit / structures [31, 32] as observed for the Phafin2 PH domain. The near UV 

CD spectrum of the Phafin2 PH domain displayed a major peak at ~293 nm (Fig. 2B), likely 

representing a signal from the two tryptophan residues in the protein [33]. The far-UV CD 

spectrum of the isolated Phafin2 FYVE domain depicted a wide negative band, suggesting the 

presence of  and  structural elements (Fig. 2C). Despite the Phafin2 FYVE domain having 

one tyrosine, one tryptophan, and four phenylalanine residues, the protein displayed poor CD 

signals in the near-UV region (Fig. 2D).  Proteins that exhibit poorly resolved CD spectra in 

this region are considered to present highly mobile side chains, although the chemical 

environment and the direct interaction between aromatic residues also contribute to this 

behavior [34]. 

 

Both Phafin2 PH and FYVE domains efficiently bound PtdIns3P embedded in liposomes (Fig. 

3A). Mutation of R53 to cysteine significantly reduced binding of the PH domain to PtdIns3P, 

whereas mutations of R171 and R172 to alanine in the isolated FYVE domain blocked 

phosphoinositide binding (Fig. 3A). These results are in line with the proposed KXn(K/R)XR 

site for phosphoinositide binding in PH domains [35] represented by the sequence 49-KPKAR-

53 in the Phafin2 PH domain. Likewise, R171 and R172 map within one of the consensus sites 

for PtdIns3P binding of FYVE domains, RR/KHHCR [26]. To determine and compare the 

affinities of the isolated PH domain with the FYVE domain and full-length Phafin2 for 

PtdIns3P binding, proteins were titrated with increasing concentrations of PtdIns3P-containing 

liposomes using the liposome sedimentation assay. This method is semi-quantitative, as it 

cannot detect transient interactions and consequently underestimates the binding affinity [36]. 

Interestingly, the Phafin2 PH domain bound PtdIns3P liposomes in a saturable fashion with an 
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apparent KD of 11 M (r2=0.883), about two-fold stronger than that for the isolated Phafin2 

FYVE domain (23 M; r2=0.951) (Fig. 3B-C) and full-length Phafin2 (20 M; r2=0.977) 

(Supplementary Fig. 3A and Supplementary Fig. 4). Phafin2 is primarily localized to 

endosomes, intracellular organelles that contain the highest levels of PtdSer [37]. In contrast 

to the FYVE domain, PH domains exhibit a broad preference for phospholipids [35]. Using the 

liposome sedimentation assay, we found that the Phafin2 PH domain bound PtdSer-containing 

liposomes with an apparent KD of 31 M (r2=0.982) (Supplementary Fig. 3B and 

Supplementary Fig. 4), about 3-fold weaker than that estimated for PtdIns3P. Interestingly, 

Phafin2 very weakly bound PtdSer, and this was likely through the remaining binding activity 

of the PH domain as the FYVE domain did not bind PtdSer (Supplementary Fig. 3C and D 

and Supplementary Fig. 4). Altogether, these results indicate that the Phafin2 PH domain has 

a preference for binding to PtdIns3P over PtdSer. Also, our data suggest that the PH domain 

might interact with other membrane acidic lipids, such as PtdSer. 

 

To obtain a more accurate quantification of the interactions, we performed SPR titrations of 

the proteins with immobilized PtdIns3P-embedded liposomes. The SPR kinetic analysis 

indicated that Phafin2 PH interacted with immobilized PtdIns3P liposomes but data could not 

be fitted due to the unusual shape of the sensorgrams (Fig. 3D). The Phafin2 FYVE domain, 

on the other hand, exhibited sharp association and dissociation curves with an apparent KD for 

PtdIns3P of ~0.7 M (Fig. 3E), a value close to that estimated for the full-length protein using 

the same methodology. This affinity value of Phafin2 FYVE for PtdIns3P is within the range 

of those estimated for other FYVE domains to the lipid [38]. 

 

We also investigated the PtdIns3P binding properties of both Phafin2 PH and FYVE domains 

for water soluble PtdIns3P using ITC. Phafin2 PH was unable to bind to PtdIns3P (Fig. 3F), in 

agreement with the observed lack of PtdIns3P binding of Phafin2 R171A/R172A using the 

same methodology (Fig. 1E). These results also indicate that the Phafin2 PH domain only binds 

to the phosphoinositide if it is embedded in a lipid bilayer. In this regard, the class II 

phosphoinositide 3-kinase C2 PX domain also binds PtdIns(4,5)P2 only when the 

phosphoinositide is present in liposomes [39]. On the other hand, the Phafin2 FYVE domain 

bound PtdIns3P in an exothermically-driven process (Fig. 3G) with an apparent KD of 2.74 

μM, very close to that measured for the full-length protein (Table 1). Overall, our results 
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indicate that both PH and FYVE are PtdIns3P-binding domains and that the PH domain only 

recognizes the phosphoinositide when it is inserted into a lipid bilayer. 

 

3.3. The acidic C-terminal motif of Phafin2 precludes PH domain binding to PtdIns3P 

Our results indicate that mutations in the FYVE domain abolish binding of Phafin2 to PtdIns3P 

but the isolated PH domain is capable of interacting with a liposome-embedded lipid as strong 

as the isolated FYVE domain. We, therefore, thought that an internal region within Phafin2 

might specifically block binding of its PH domain to PtdIns3P. Intramolecular interactions of 

the PH domain likely occur as Phafin2 is monomeric [5]. The internal region is not the FYVE 

domain as it does not directly interact with the PH domain (Supplementary Fig. S5). Analysis 

of the sequence alignment of the Phafin family of proteins identified a conserved C-terminal 

region containing a stretch of seven to eight aspartic acid residues (referred to as the polyD 

region; residues 240-249) (Fig. 1A and 4A). Deletion of this region (Phafin2 polyD) did not 

alter Phafin2 binding to PtdIns3P-containing liposomes (Fig. 4B). Mutation at R53 within the 

PH domain (Phafin2 R53C polyD) did not alter PtdIns3P binding (Fig. 4B), indicating that 

the FYVE domain is sufficient for Phafin2’s lipid binding. Mutations of R171A/R172A 

(Phafin2 R171A/R172A polyD) mirrored the strength of binding to the phosphoinositide 

observed for the isolated PH domain (Fig. 3A and 4B), suggesting that the PH domain becomes 

functional in the absence of the C-terminal acidic motif. Consequently, combined mutations in 

the PH and FYVE domains of Phafin2 polyD (Phafin2 R53C/R171A/R172A polyD) 

significantly reduced PtdIns3P binding (Fig. 4B), as the R53C mutation in the isolated PH 

domain does not completely abolish lipid binding (Fig. 3A). Given that the Phafin2 PH domain 

showed higher apparent affinity for the lipid than the FYVE domain (Fig. 3B-C), our data 

explains why the PH domain, but not the FYVE domain, is autoregulated by the acidic C-

terminal region. 

 

Phosphorylation of Phafin2 has been reported at S16 (within the PH domain) [40] and at S239, 

S247, and S248 within the polyD region [41]. The apparent electrostatic interaction between 

the PtdIns3P-binding basic residues of the Phafin2 PH domain and the C-terminal polyD motif 

suggest that phosphorylation may disrupt this interaction. Alternatively, binding of Phafin2 to 

other protein partners, such as AKT1 [6], may release the PH domain of Phafin2 from the 

polyD region. 
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Given that the PH domain is specifically autoregulated in Phafin2, we anticipate that the FYVE 

and PH domains exhibit distinct activities in the protein despite both binding PtdIns3P. Indeed, 

a Phafin2 construct lacking the PH domain is still able to associate to and promote the 

enlargement of endosomes, whereas the absence of the FYVE domain impairs this activity [10]. 

This observation can also be extended to Phafin1 [12]. 

 

3.4. The FYVE domain in Phafin2 remains dominant for binding to soluble PtdIns3P 

independent of the presence of the C-terminal acidic motif 

We next evaluated the role of the C-terminal polyD region for Phafin2 recognition to soluble 

PtdIns3P. ITC analysis for the interaction of Phafin2 polyD was indistinguishable from the 

wild-type protein (Fig. 1C and 5A), suggesting that the poly aspartic acid residues do not 

influence the strength of binding of Phafin2 for soluble PtdIns3P (Table 1). Also, these results 

show that the FYVE domain does not cooperate with the PH domain for binding to soluble 

PtdIns3P. The presence of an inactive FYVE domain in Phafin2 polyD was sufficient to 

abolish binding to soluble PtdIns3P (Fig. 5B-C). Overall, these data indicate that the FYVE 

domain of Phafin2 is constitutive for PtdIns3P, independent of the presence of the C-terminal 

polyD region. 

 

4. Conclusions 
 

In this report, we demonstrate that the Phafin2 PH and FYVE domains are regulated and 

constitutive, respectively, for binding to PtdIns3P. The Phafin2 FYVE domain indistinctly 

binds PtdIns3P when soluble or when embedded in liposomes, but binding is ~10-fold stronger 

when the phosphoinositide is embedded in a lipid bilayer. On the other hand, the Phafin2 PH 

domain only recognizes PtdIns3P when it is embedded in lipid bilayers. 

 

Downregulation of Phafin2 PH domain binding to PtdIns3P is mediated by the C-terminal 

acidic motif of the protein, which is conserved within the Phafin family of proteins. As both 

the PH and FYVE domains bind PtdIns3P, the major question is why the PH domain is 

autoinhibited for PtdIns3P binding. In this scenario, the protein would still be able to bind to 

PtdIns3P-embedded membranes because of the presence of a constitutive FYVE domain. It is 

tempting to speculate that the PH domain of Phafin2 exhibits unique membrane binding 

properties, which are absent in its FYVE domain. For example, we show that the PH domain, 
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but not the FYVE domain, bind PtdSer. In addition, the PH domain of Phafin2 can share 

properties found in both FAPP2 and the Arfgap with Coil coil, Ankyrin Repeat, and PH domain 

protein 1 (ACAP1), which are capable of inducing membrane curvature in a PH domain- and 

phosphoinositide-dependent manner [42, 43]. 

 

Mechanisms that might promote release of the PH domain from the C-terminal acidic motif 

include potential phosphorylation sites, predicted by the PhosphoSitePlus database [44], which 

have been mapped in both the PH domain and the C-terminal acidic motif of Phafin2. For 

example, binding of the PH domain of the ceramide transfer protein to PtdIns4P is inhibited by 

hyperphosphorylation at an adjacent serine-repeat motif of the protein [45]. Alternatively, the 

interaction of Phafin2 with other proteins might promote a conformational change to expose 

its PH domain for PtdIns3P recognition. The protein Tectonin -propeller repeat containing 1 

(TECPR1) participates in autophagy by promoting autophagosome-lysosome fusion [46]. 

Binding of its PH domain to PtdIns3P is required for TECPR1 recruitment to autolysosomes, 

in a mechanism that depends on the initial binding of TECPR1 with the Atg12-Atg5 conjugate. 

In the absence of Atg12-Atg5, the PH domain of TECPR1 is intramolecularly inhibited by the 

AIR domain, suggesting that Atg12-Atg5-mediated conformational changes in TECPR1 are 

required for PtdIns3P binding [46]. Future studies to address how the PH domain is released 

from the autoinhibitory C-terminal acidic motif and what specific functions are conferred to 

Phafin2 are warranted to better understand why this protein exhibits two apparently redundant 

PtdIns3P-binding domains. 
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Table 1. Thermodynamic parameters of binding of the indicated Phafin2 constructs to water 

soluble PtdIns3P. Values represent the mean of at least three independent experiments. Errors 

are shown as standard deviation values. 

 

Phafin2 

construct 

KD  

(M) 

H  

(kcal. mol-1) 

T S  

(kcal. mol-1) 

G  

(kcal. mol-1) 

N 

Wild-type 3.21±1.06 -13.40±2.35 -5.90±2.55 -7.51±0.19 0.93±0.17 

R53C/R171A/R172A No binding - - -  

R53C 3.34±0.73 -8.83±2.39 -1.35±2.48 -7.45±0.13 0.86±0.09 

R171A/R172A No binding - - -  

PH  No binding - - -  

FYVE 2.74±0.12 -22.20±1.41 -14.60±1.41 -7.59±0.03 0.94±0.04 

polyD 2.61±0.67 -18.6±5.66 -10.96±5.66 -7.59±0.21 0.98±0.09 

R171A/R172A polyD No binding - - -  

R53C/R171A/R172A polyD No binding - - -  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 77 

Figure Legends 

 

Figure 1. The FYVE domain in Phafin2 is indispensable for PtdIns3P binding. (A) Modular 

organization of Phafin2. R53 (within the PH domain) and R171 and R172 (within the FYVE 

domain) are critical residues for PtdIns3P binding. (B) Liposome sedimentation assay of the 

indicated proteins with PtdIns3P-containing (top) and -free (bottom) liposomes. Quantification 

of the intensity of the protein bands was obtained by densitometry using Image J. Data 

represent the mean of three independent experiments; * P < 0.001, n.s., not significant; both as 

per one-way ANOVA analysis. (C-E) ITC analysis for the binding of the indicated proteins to 

water soluble PtdIns3P. The left panels depict the heat change produced upon successive 

injections of dibutanoyl PtdIns3P to the indicated proteins. The right panels display the 

integrated binding isotherms as a function of PtdIns3P/protein ratio. When applicable, binding 

isotherms were fitted to the subtracted data using the one-site binding model. Each ITC titration 

is representative of at least three independent experiments. 

 

Figure 2. Structural analysis of the Phafin2 PH and FYVE domains. (A-B) Far- (A) and near-

UV (B) CD spectra of the Phafin2 PH domain. (C-D) Far- (C) and near-UV CD (D) spectra of 

the Phafin2 FYVE domain. 

 

Figure 3. Both isolated PH and FYVE domains exhibit distinct properties for PtdIns3P binding. 

(A) Left, liposome sedimentation assays of the indicated proteins with PtdIns3P-containing 

(top) and -free (bottom) liposomes. The panel is a representative of at least three independent 

experiments. Right, quantification of the intensity of the protein bands was obtained by 

densitometry using Image J. Data represent the mean ± SD of three experiments; * P < 0.001 

as per one-way ANOVA; n.s., not significant. (B-C) Estimation of the apparent KD using the 

liposome sedimentation assay. Relative bound Phafin2 PH (B) and FYVE domains (C) are 

plotted against effective PtdIns3P concentration. Error bars represent the standard deviation 

from three independent experiments. (D-E) SPR analysis for the binding of Phafin2 PH (D) 

and Phafin2 FYVE (E) domains for binding to immobilized PtdIns3P-containing liposomes. 

Each plot is representative of two independent experiments. (F-G) ITC analysis for the binding 

of Phafin2 PH (F) and FYVE (G) domains for binding to water soluble PtdIns3P. When 

applicable, binding isotherms were fitted to the subtracted data using the one-site binding 

model. Each titration is representative of three independent experiments. 
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Figure 4. The C-terminal acidic motif of Phafin2 downregulates PH domain binding to 

PtdIns3P. (A) Alignment of Phafin sequences corresponding to their C-terminal region. 

Sequences were aligned with Clustal Omega. Aspartic acid residues are shaded in salmon color. 

(B) Liposome sedimentation assays of the indicated proteins with PtdIns3P-containing (top) 

and -free (bottom) liposomes. The panel is a representative of three independent experiments. 

Quantification of the intensity of the protein bands was obtained by densitometry using Image 

J. Data represent the mean ± SD of three experiments; * P < 0.005 as per one-way ANOVA; 

n.s., not significant. 

 

Figure 5. Removal of the C-terminal acidic motif in Phafin2 does not alter binding to soluble 

PtdIns3P. ITC analysis for the interaction of Phafin2 polyD (A), Phafin2 R171A/R172A 

polyD (B), and Phafin2 R53C/R171A/R172A polyD (C) with water soluble PtdIns3P. When 

applicable, binding isotherms were fitted to the subtracted data using the one-site binding 

model. Each titration is representative of at least three independent experiments. 
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Supplementary information 
 

The C-terminal acidic motif of Phafin2 inhibits PH domain binding 

to phosphatidylinositol 3-phosphate  
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Supplementary Material and Methods 

Intrinsic tryptophan fluorescence 

Tryptophan fluorescence traces were collected using a Jasco J-815 spectropolarimeter. The 

excitation fluorescence was at 295 nm. The emission fluorescence spectra of Phafin2 (250 nM) 

were recorded in a buffer  containing 5 mM sodium citrate and 50 mM KF (pH 7.3). Protein 

emission spectra, in the absence and presence of water-soluble PtdIns3P, were recorded 

between 310-410 nm using a 10-mm quartz cuvette at 25 °C. Data were analyzed using 

GraphPad Prism, version 8. 
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Supplementary Figure S1. Role of key amino acids of Phafin2 for the interaction with 

PtdIns3P. (A) Lipid-protein overlay assay comparing the ability of Phafin2 and Vam7p PX 

domain to bind to phospholipids. (B) Lipid-protein overlay assay comparing the ability of 

Phafin2 and the Phafin2 R53C/R171A/R172A mutant to bind to PtdIns3P. GST was employed  

as a negative control. (C) Overlay of far-UV circular dichroism spectra for Phafin2 (black)  and 

Phafin2 R53C/R171A/R172A (red). (D) Overlay of near-UV circular dichroism spectra for 

Phafin2 (black)  and Phafin2 R53C/R171A/R172A (red). 
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Supplementary Figure S2. Binding of Phafin2 to PtdIns3P in a lipid bilayer- and water-

soluble forms. (A-B) SPR analysis for the binding of Phafin2 (A) and Phafin2 

R53C/R171A/R172A (B) to immobilized PtdIns3P-containing liposomes. Each plot is 

representative of two independent experiments. (C) Plot representing fluorescence quenching 

of Phafin2 in the presence of increasing concentrations of PtdIns3P. (D) ITC analysis for the 

interaction of Phafin2 R53C/R171A/R172A with water-soluble PtdIns3P. 
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Supplementary Figure S3. Specificity and affinity of phospholipid binding using the 

liposome co-sedimentation assay. (A) Binding of Phafin2 to PtdIns3P liposomes. Bound 

Phafin2 is plotted as a function of the PtdIns3P concentration of the outer leaflet of the 

liposomes. (B) Binding of the Phafin2 PH domain to PtdSer liposomes. Bound Phafin2 PH 

domain is plotted as a function of the PtdSer concentration of the outer leaflet of the liposomes. 

(C) Binding of Phafin2 to PtdSer liposomes. Percentage of bound Phafin2 is plotted as a 

function of the PtdSer concentration of the outer leaflet of the liposomes. (D) Binding of 

Phafin2 FYVE domain to PtdSer liposomes. Percentage of bound Phafin2 FYVE domain is 

plotted as a function of the PtdSer concentration of the outer leaflet of the liposomes. 
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Supplementary Figure S4. Phafin2 FYVE domain does not interact with the Phafin2 PH 

domain. ITC analysis for Phafin2 FYVE domain injected to a solution containing Phafin2 PH 

domain. 
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Chapter 4 The C-terminal polyD motif of Phafin2 

intramolecularly interacts with the PH domain 
 

Tuo-Xian Tang and Daniel G. S. Capelluto 

 

Abstract 
 

The autoinhibition mechanism has been widely utilized in nature to regulate many protein 

functions, including kinase activity, transcription activation, and protein-ligand interactions. 

Phafin2 is a PH domain and FYVE domain-containing protein involved in endosomal cargo 

trafficking, macropinocytosis, and autophagy. Both Phafin2 PH and FYVE domains bind 

phosphatidylinositol 3-phosphate [PtdIns(3)P]. Phafin2 exhibits an intramolecular 

autoinhibition mechanism by which its C-terminal polyD motif blocks Phafin2 PH domain’s 

PtdIns(3)P binding. Here, various biochemical and biophysical techniques were used to study 

interactions between the Phafin2 PH domain and a chemically synthesized polyD peptide. 

Phafin2 PH domain directly interacted with the polyD peptide with an estimated dissociation 

constant of ~4 M. NMR studies showed that polyD peptide bound the Phafin2 PH domain, 

causing perturbations of a specific set of resonances on 1H-15N HSQC spectra. Phafin2 plays a 

role in autophagy, endosome fusion and tubulation of macropinosomes. We hypothesized that 

Phafin2 might induce membrane remodeling. Using negative-stain Transmission Electron 

Microscopy, we found Phafin2 caused membrane tubulation of PtdIns(3)P-containing 

liposomes. A PtdIns(3)P-interaction defective mutant of Phafin2, Phafin2 

R53C/R171A/R172A, did not change the shape of PtdIns(3)P-containing liposomes, indicating 

that the tubulation activity is PtdIns(3)P-dependent. Future studies will focus on the role of 

Phafin2 PH and FYVE domains and potential regulatory functions of the polyD region in 

membrane tubulation. 

 

1. Introduction 
 

Autoinhibition plays an important role in regulating protein functions. Autoinhibitory 

mechanisms are found in many catalytic proteins (e.g., kinases) and non-catalytic proteins (e.g., 

adaptor proteins). Specifically, proteins utilize two molecular tricks to achieve autoinhibition: 

allosteric mechanism and direct blocking of active sites (catalytic or binding site). [1-2] Protein 

kinase B or Akt gives a prominent example of the first autoinhibitory mechanism. Structurally, 
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Akt has an N-terminal pleckstrin homology (PH) domain, a kinase domain (KD) in the middle, 

and a C-terminal hydrophobic motif (HM). In the inactive conformation, the PH domain 

negatively regulates Akt kinase activity by intramolecularly interacting with KD. Upon growth 

factor activation, PtdIns(3,4,5)P3 levels increase on the plasma membrane, and Akt activation 

is initiated by association with PtdIns(3,4,5)P3 via its PH domain. PtdIns(3,4,5)P3 binding 

causes conformational changes in Akt, leading to its activation. Activated Akt is available for 

phosphorylation by two protein kinases, PDK1 (phosphoinositide-dependent protein kinase 1) 

and mTORC2 (mechanistic target of rapamycin complex 2), which phosphorylate Akt at 

Thr308 and Ser473, respectively. [3-5] The second autoinhibition mechanism is well 

represented by some transcription factors, such as the mitochondrial transcription factor 1 

(Mtf1) and the transcription factor B2 mitochondrial (TFB2M). [6-7] Mtf1 and TFB2M have 

a flexible C-tail region comprising 16-20 amino acid residues. This C-tail motif autoinhibits 

the DNA binding activity of Mtf1 and TFB2M. Mtf1 deletion mutant lacking the entire C-tail 

region (residues 322-341) displays high DNA binding affinity. Structural analysis of TFB2M 

reveals that C-tail intramolecularly interacts with the DNA binding groove and abrogates its 

DNA binding activity. [6] Such autoinhibitory mechanisms provide a unique strategy to 

modulate protein functions. Autoinhibition can be relieved by several regulatory approaches, 

including post-translational modifications, binding to activating biomolecules, and irreversible 

proteolysis. Autoinhibitory mechanisms, in combination with their counteracting strategies, 

add one more dimension to the intracellular regulatory networks, which are essential for cell 

growth and homeostasis. In the pharmaceutical industry, autoinhibited proteins are potential 

targets for developing allosteric inhibitors. [1-2, 8] 

 

Phafin2 is a PtdIns(3)P effector. It has two PtdIns(3)P binding domains, an N-terminal PH 

domain, followed by a central FYVE domain. Phafin2 serves as an adaptor protein in 

endosomal cargo trafficking [9], macropinocytosis [10-11], and autophagy [12]. PtdIns(3)P 

binding activity is critical to the recruitment of Phafin2 and its binding partners to a specific 

organelle. We have previously shown that the Phafin2 FYVE domain constitutively binds 

PtdIns(3)P, whereas the PH domain binding to PtdIns(3)P is blocked by the C-terminal polyD 

motif. [13] Intramolecular autoinhibition of PtdIns(3)P binding is possible in Phafin2 because 

of the following findings. First, Phafin2 is a monomeric protein, and it has a flexible C-terminal 

polyD tail. Second, Phafin2 has a large portion of random coil (~40%) in its structural elements 

[14], which might facilitate intramolecular interactions. This observation is consistent with that 

found in autoinhibited proteins, which are enriched in intrinsic disorder regions, especially in 
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their inhibitory domains. [15] Third, the negatively charged C-terminal polyD motif (eight 

aspartic acid and two serine residues) may electrostatically interact with the positively charged 

PtdIns(3)P-binding pocket in the PH domain. In this chapter, we describe the interactions 

between the Phafin2 PH domain and the C-terminal polyD motif by a variety of biophysical 

approaches. We found that the Phafin2 PH domain directly binds the Phafin2 polyD motif. We 

also explored the possibility that Phafin2 induces membrane remodeling. Phafin2 protein 

molecules promote the tubulation of PtdIns(3)P-embedded liposomes in a PtdIns(3)P 

dependent manner. 

 

2. Materials and methods 
 

2.1 Materials 

The chemically synthesized polyD peptide from human Phafin2 (residues 240-

DDDDDDDSSD-249) was purchased from Biomatik Corporation (Canada). Its identity was 

confirmed using Mass Spectroscopy (MS) and High Performance Liquid Chromatography 

(HPLC). The Formvar/Carbon (F/C) 200 mesh grids were obtained from Electron Microscopy 

Sciences (USA). 

 

2.2 Protein expression and purification 

The human full-length Phafin2 (residues 1-249) cDNA was cloned into a pGEX4T3 vector 

(Cytiva). Site-directed mutagenesis was used to generate the Phafin2 R53C/R171A/R172A 

mutant. cDNA encoding the Phafin2 PH domain (residues 1-135) was cloned into a pGEX6P1 

vector, whereas the cDNA encoding the Phafin2 FYVE domain (residues 145-212) was cloned 

into a pGEX4T3 vector. Recombinant proteins were expressed in Escherichia coli (Rosetta; 

Stratagene) cells. The expression and purification procedures used in this chapter are similar 

to those previously reported. [13-14] 

 

2.3 Tryptophan fluorescence 

Intrinsic tryptophan fluorescence emission spectra of the Phafin2 PH domain (0.25 M) were 

recorded at room temperature on a Jasco-815 spectropolarimeter. The prepared protein sample 

was in a buffer containing 5 mM sodium citrate and 50 mM KF (pH 7.3). Emission spectra 

with fluorescence excitation at 295 nm were scanned between 310 nm and 410 nm using a 10-

mm quartz cuvette. Increasing concentrations of polyD peptide (2-30 M) were titrated into 

the Phafin2 PH domain (0.25 M). Data were analyzed using GraphPad Prism software, 
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version 8. 

 

2.4 Isothermal titration calorimetry 

Isothermal titration calorimetry (ITC) experiments were performed at 25 C in 20 mM HEPES, 

pH 7.0, 100 mM NaCl, using a MicroCal PEAQ instrument (Malvern Panalytical Inc.). The 

polyD peptide was dissolved in the same buffer, and the resulting solution was adjusted to pH 

7.0. The sample cell was filled with 45 M Phafin2 PH or FYVE domains and titrated with 

500 M polyD peptide, which was placed in the syringe. A single injection of 0.4 L of polyD 

peptide was followed by 12 injections of 3.0 L each. The time interval between two successive 

injections was 120 s, and the stirring speed was 750 rpm. The raw titration results were adjusted 

by subtracting heat changes from the titrations of polyD peptide to buffer. The binding curve 

was fitted to a one-site binding model using the MicroCal PEAQ-ITC analysis software. The 

reported Kd value was the average from three independent experiments. 

 

2.5 Nuclear magnetic resonance spectroscopy 

The 15N-labeled Phafin2 PH domain (100 M) was prepared in 90% H2O, 10% D2O, 20 mM 

d11-Tris-HCl (pH 7.0), 100 mM NaCl, 1 mM d18-DTT, and 1 mM NaN3. NMR experiments 

were performed at 25 °C on a Bruker Avance III 600 MHz NMR spectrometer (Virginia Tech) 

equipped with a 5 mm z-gradient triple resonance probe. The polyD peptide was dissolved in 

the same buffer (stock concentration 2 mM) and adjusted to pH 7.0. 1H-15N HSQC 

(heteronuclear single quantum coherence) spectra were collected for the Phafin2 PH protein 

samples in the absence and presence of increasing concentrations of unlabeled Phafin2 polyD 

motif. Spectra were processed and analyzed using Mnova (Mestrelab Research). 

 

2.6 Transmission electron microscopy 

Liposomes were prepared as previously described. [13-14] The total lipid concentration was 

0.2 mg/mL (95% DOPC (1, 2-dioleoyl-sn-glycero-3-phosphocholine)/5% PtdIns(3)P). The 

protein samples were prepared in the same buffer (20 mM HEPES, 100 mM NaCl, pH 7.0). 

For the negative-staining TEM grid preparation, equal volume (10 L) of proteins (40 M) and 

liposomes were incubated at room temperature for 10 min. Ten L of the mixtures were 

subsequently placed on carbon-coated grids and stained with 2 % uranyl acetate for 1 min. The 

uranyl acetate solution was blotted by dry filter paper. The grids were examined using a JEM-

2100 Electron Microscope (JEOL, Japan). 
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3. Results 
 

3.1 Phafin2 PH domain binds the polyD motif 

Phafin2 PH domain (135 amino acid residues) has two tryptophan residues (Trp100 and 

Trp122). Thus, it is a suitable candidate for intrinsic tryptophan fluorescence studies. Titrations 

of an increasing concentrations of the polyD peptide caused quenching of fluorescence 

emission in Phafin2 PH, Thus, one or both Trp residues become more exposed to the aqueous 

solution in the presence of the polyD peptide. (Figure 1) Fluorescence emission change reaches 

saturation as the concentration of polyD peptide increases, suggesting that the interaction is 

specific. The curve best fit to a one-site binding model with an estimated dissociation constant 

(KD) of 4.21  1.04 M. Binding of Phafin2 PH to the polyD region was also investigated using 

ITC. Interactions between the Phafin2 PH domain and the polyD peptide were exothermic 

events. The enthalpy change (H) for the binding of Phafin2 PH domain to polyD peptide was 

-3.25 kcal/mol. In agreement with the intrinsic tryptophan fluorescence data, the resulting 

isotherm best fits a one-site binding model with an estimated KD of 4.14  0.67 M. (Figure 2) 

In contrast, the Phafin2 FYVE domain did not interact with the polyD region (Figure 2), 

indicating that this motif is specific for the PH domain. To identify the PH domain residues 

that interact with the polyD peptide, we initially titrated the 15N-labeled Phafin2 PH domain 

with unlabeled polyD peptide and collected 1H-15N HSQC spectra for each peptide 

concentration. The overlay of 1H-15N HSQC spectra showed perturbations of some PH domain 

resonances. (Figure 3) Thus, using three independent methods, we show that the Phafin2 PH 

domain directly interacts with the polyD motif. 

 

3.2 Phafin2 promotes liposomal tubulation in a PtdIns(3)P-dependent manner 

Phafin2 is involved in endosome fusion and autophagy. We hypothesize that Phafin2 may 

cause changes in membrane shape, a pre-requisite for membrane fusion. We use extruded 

liposomes, which mimic lipid bilayers, of 100 nm composed by DOPC in the absence and 

presence of 5% PtdIns(3)P. Membrane interaction of Phafin2 was analyzed by transmission-

electron microscopy (TEM) after incubating the protein with PtdIns(3)P-free (data not shown) 

or PtdIns(3)P liposomes (Fig. 4A). As opposed to that observed in PtdIns(3)P-free liposomes 

(Fig. 4A), data on PtdIns3P-embedded liposomes revealed that Phafin2 promotes the formation 

of ~250 nm tubules (Fig. 4B-C), consistent with the observed enlargement of endosomes 

induced by overexpression of Phafin2. [9] Proteins that promote membrane remodeling, such 
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as BAR domain-containing proteins, nuclear pore proteins, and clathrin adaptor proteins, form 

longer liposomal tubulations with lengths over the micrometer range under similar Phafin2 

experimental conditions. [16] Thus, it is possible that additional contributions of ligand 

partners, such as AKT, might enhance the tubulation activity of Phafin2. In contrast, Phafin2 

R53C/R171A/R172A mutant did not promote liposomal tubulation, indicating that this activity 

is PtdIns(3)P-dependent (Fig. 4D). Remarkably, individual Phafin2 PH domains 

simultaneously triggered many short projections throughout the surface of PtdIns(3)P 

liposomes (Fig. 4E), similar to those observed by the action of other unrelated proteins on 

liposomes. [17] Despite the fact that the individual Phafin2 FYVE domain did not show 

tubulation activity (Fig. 4F), data indicate that the FYVE domain, or other downstream regions 

in Phafin2, are required for tubulation activity. 

 

4. Conclusions 
 

In this chapter, we show that the polyD motif directly interacted with the Phafin2 PH domain. 

By using two independent methods, the measured affinity of binding was ~4.0 M. Further 

evidence of direct binding of the polyD peptide to the Phafin2 PH domain is shown from NMR 

titrations, in which a set of resonances of the proteins was perturbed by the presence of the 

peptide. Future studies will focus on the resonance assignments of the Phafin2 PH domain, 

which will serve to identify the polyD binding site in the protein as well as to establish whether 

this site overlaps with that for PtdIns(3)P binding. 

 

Our TEM experiments show that Phafin2 changed the shape of liposomes resulting in 

membrane tubulation in a PtdIns(3)P-dependent manner. Unlike FYVE domain, the isolated 

PH domain promoted short tubulations. We suspect that the PH domain is the driving force for 

Phafin2 to trigger changes in membrane shape, but it requires the integrity of the FYVE domain. 

The next step will be to establish the role of polyD motif in membrane tubulation and how 

much the serine/threonine kinase AKT contributes to this process. 
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Figures 

 

Figure 1. Titrations of polyD peptide decreased fluorescence emissions of the Phafin2 PH 

domain. (A) Intrinsic tryptophan fluorescence emission spectra of Phafin2 PH domain in the 

absence and presence of increasing concentrations of the polyD peptide. (B) Quenching of the 

intrinsic tryptophan fluorescence as a function of ligand concentration for the polyD peptide. 
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Figure 2. The Phafin2 polyD motif specifically interacts with the PH domain. The upper panel 

shows the ITC heat change upon serial injections of the polyD peptide into the Phafin2 PH and 

FYVE domains. The lower panel displays the integrated binding isotherm as a function of the 

polyD peptide/Phafin2 PH or Phafin2 FYVE domain ratio. 
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Figure 3. The superimposed 1H-15N HSQC spectra of the 15N-labeled Phafin2 PH domain 

collected during step wise addition of the unlabeled polyD peptide. The spectra are color-coded: 

100 M 15N-labeled Phafin2 PH domain (gray); addition of 200 M polyD peptide (red); 

addition of 400 M polyD peptide (green). 
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Figure 4. Phafin2 induces PtdIns(3)P-dependent liposomal tubulation. (A-B) TEM images of 

PtdIns(3)P-containing liposomes in the absence (A) and presence of 20 M Phafin2 (B). (C) 

Zoom in of a region shown in (B). White arrowheads indicate the Phafin2-mediated tubulation 

of the liposomes. (D) TEM image of PtdIns(3)P-containing liposomes in the presence of 20 

M of the PtdIns(3)P-binding deficient mutant Phafin2 R53C/R171A/R172A. (E) TEM image 

of PtdIns(3)P-containing liposomes in the presence of 20 M of the individual Phafin2 PH 

domain. White arrowheads show the presence of multiple short protrusions over the entire 

liposomal surface. Insets: Two zooms-ins of PH domain-mediated tubulations. (F) PtdIns(3)P-

containing liposomes in the presence of 20 M of the individual Phafin2 FYVE domain. Scale: 

1 m. 
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Chapter 5 Conclusions 
 

In this dissertation, I show biophysical and biochemical studies of human Phafin2, a protein 

involved in many signaling pathways such as endosomal cargo trafficking, macropinocytosis, 

and autophagy. Phafin2 displays two PtdIns(3)P-binding domains, the PH and FYVE domains. 

I characterized structural features and biochemical properties of this protein and mainly 

focused on studying its interactions with PtdIns(3)P. 

 

First, our structural analysis showed that monomeric Phafin2 is a typical  protein. It is 

predicted that a large portion of Phafin2 is random coil (~40%). Phafin2 preferentially binds 

PtdIns(3)P and weakly to PtdIns(4)P and PtdIns(5)P, which is presumably attributed to the PH 

domain. Titrations of dibutanoyl PtdIns(3)P did not influence the secondary structure of 

Phafin2 but cause local conformational changes in its tertiary structure. The estimated 

dissociation constant (KD) PtdIns(3)P was 0.3 M, which is comparable with other PtdIns(3)P-

binding proteins and domains. [1-4] The structural modeling and sequence homology analysis 

showed conserved PtdIns(3)P binding motifs in the Phafin2 FYVE and PH domains. Based on 

these conserved binding sites, we designed a PtdIns(3)P-binding defective mutant, Phafin2 

R53C/R171A/R172A (one mutation in the PH domain and two mutations in the FYVE domain), 

which reduced PtdIns(3)P binding without altering the overall structure of the protein. 

 

Second, the Phafin2 FYVE and PH domains have different PtdIns(3)P binding properties. We 

found that the Phafin2 FYVE domain constitutively binds dibutanoyl PtdIns(3)P and 

PtdIns(3)P-containing liposomes. In contrast, the Phafin2 PH domain only binds PtdIns(3)P-

containing liposomes. Initially, we studied PtdIns(3)P binding properties of each domain 

within the full-length Phafin2 and mutants. Surprisingly, the Phafin2 R171A/R172A mutant 

did not show PtdIns(3)P binding. In Phafin2, the R171A/R172A mutations completely 

abolished the FYVE domain’s PtdIns(3)P binding ability, but the PH domain remained active. 

Therefore, we expected to observe a similar PtdIns(3)P binding strength with the Phafin2 PH 

domain. We then isolated the FYVE and PH domains, as well as their PtdIns(3)P-binding 

defective mutants. In ITC experiments, we were unable to detect binding signals when 

dibutanoyl PtdIns(3)P was titrated into the Phafin2 PH domain. It is possible that the Phafin2 

PH domain cannot bind dibutanoyl PtdIns(3)P or binds dibutanoyl PtdIns(3)P with very low 

affinity because dibutanoyl PtdIns(3)P molecules are not organized in a lipid bilayer. Another 

possibility is that the Phafin2 PH domain binds dibutanoyl PtdIns(3)P, but their interactions 
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did not absorb or release heat. This result explains why the Phafin2 R171A/R172A mutant did 

not bind dibutanoyl PtdIns(3)P, but it did not answer why the Phafin2 R171A/R172A mutant 

did not bind PtdIns(3)P-containing liposomes. We then hypothesized that an internal region of 

Phafin2 might inhibit the binding of Phafin2 PH domain to PtdIns(3)P. We found a conserved 

C-terminal polyD motif in Phafin proteins, which may regulate the Phafin2 PH domain’s 

PtdIns(3)P binding. This may explain why the Phafin2 R171A/R172A mutant did not bind 

PtdIns(3)P-containing liposomes. After the deletion of the C-terminal polyD tail (Phafin2 

R171A/R172A polyD), Phafin2 PH domain’s PtdIns(3)P binding ability was observed. 

Indeed, the Phafin2 R171A/R172A polyD showed a similar PtdIns(3)P binding strength to 

that measured for the Phafin2 PH domain. Analogously, the Phafin2 R53C/R171A/R172A 

polyD mutant mirrored the Phafin2 PH R53C’s PtdIns(3)P binding strength. 

 

Third, we demonstrated that the polyD peptide directly interacts with the Phafin2 PH domain. 

Intrinsic tryptophan fluorescence experiments showed that titrations of polyD peptide into the 

Phafin2 PH domain resulted in quenching of fluorescence emissions. The fluorescence changes 

reached saturation as the concentration of polyD peptides increased, indicating their specific 

interactions. Using ITC, the measured dissociation constant (KD) is 4.0 M, consistent with 

that measured using intrinsic tryptophan fluorescence. Titrations of polyD peptide into the 15N-

labeled Phafin2 PH domain gave rise to the resonance perturbations on the 1H-15N HSQC 

spectra, confirming their interactions. Ongoing research includes the backbone assignment of 

the Phafin2 PH domain with an aim to identify the amino acid residues that have direct 

interactions with the polyD peptide. 

 

Moreover, we found that Phafin2 caused the membrane tubulation of PtdIns(3)P-containing 

liposomes. This membrane tubulation activity was a PtdIns(3)P-dependent event. Phafin2 did 

not change the shape of PtdIns(3)P-free liposomes, and the PtdIns(3)P-interaction defective 

mutant, Phafin2 R53C/R171A/R172A, failed to induce liposomal membrane remodeling. 

Compared with the full-length Phafin2, the isolated Phafin2 PH domain caused minor changes 

in the shape of PtdIns(3)P-containing liposomes. In contrast, the Phafin2 FYVE domain did 

not show the same effect. Therefore, we suspect that the Phafin2 PH domain displays 

membrane remodeling activity, which depends on other regions in the protein. 
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Our structural analysis and PtdIns(3)P binding studies of Phafin2 lay a solid foundation for 

future functional research on this protein. More importantly, the current study revealed that 

Phafin2 exhibits an autoinhibitory mechanism for PtdIns(3)P binding. This autoinhibitory 

mechanism may play a key role in regulating the functions of Phafin2 in several signaling 

pathways. It will be beneficial to identify which strategy the C-terminal polyD tail employs to 

intramolecularly autoinhibit the Phafin2 PH domain’s PtdIns(3)P binding. The C-terminal 

polyD tail may directly interact and, consequently, compete with PtdIns(3)P for binding to the 

Phafin2 PH domain. Alternatively, the C-terminal polyD tail may exploit an allosteric 

mechanism by association to residues near the Phafin2 PH domain’s PtdIns(3)P binding pocket, 

inducing local conformational changes and weakening PtdIns(3)P binding. Furthermore, it will 

an exciting research project to investigate how this autoinhibitory mechanism is relieved. 

Phosphorylation may be one of the strategies the cells utilize to counteract autoinhibition. 

Within the C-terminal polyD region, S248 is predicted to be a phosphorylation site. [5-6] 

Alternatively, activation of the Phafin2 PH domain by binding partners may be another 

mechanism to release the polyD region bound to the PH domain. 
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